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•  Some	
  background	
  
– Why	
  water?	
  

– Processes	
  controlling	
  the	
  water	
  content	
  of	
  a	
  planet	
  
•  Water	
  in	
  the	
  Moon	
  

– VolaOle	
  acquisiOon	
  during	
  the	
  later	
  stage	
  of	
  planetary	
  
formaOon	
  (giant	
  impact)	
  

•  Water	
  in	
  Earth	
  
–  	
  Water	
  distribuOon	
  in	
  Earth	
  
–  	
  Global	
  water	
  circulaOon	
  and	
  the	
  stability	
  of	
  ocean	
  mass	
  

–  	
  Plate	
  tectonics	
  on	
  terrestrial	
  planets	
  (super-­‐Earths)	
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Why	
  water?	
  

12.7.18	
  

life	
  	
  water	
  (?)	
  [“habitable	
  zone”]	
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Water	
  	
  mel?ng,	
  rheological	
  proper?es	
  	
  
	
  dynamics	
  and	
  evolu?on	
  of	
  terrestrial	
  planets	
  

mel?ng	
   viscosity	
  

Inoue	
  et	
  al.	
  (1994)	
   Karato	
  (2010)	
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Processes	
  controlling	
  the	
  water	
  (vola?les)	
  
distribu?on	
  in	
  terrestrial	
  planets	
  

•  Condensa?on	
  of	
  nebula	
  
•  Collisions,	
  magma	
  ocean:	
  volaOle	
  loss?	
  

•  Magma	
  ocean	
  solidifica?on,	
  over-­‐turn	
  

•  Solid-­‐state	
  convec?on,	
  plate	
  tectonics	
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The	
  solar	
  system	
  has	
  a	
  lot	
  of	
  volaOles.	
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Laure^a	
  (2011)	
  



meteorites	
  ~	
  terrestrial	
  planets	
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Harold	
  Urey	
  (1893-­‐1981)	
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(terrestrial)	
  planets	
  ~	
  meteorite	
  ~	
  solar	
  abundance	
  
(except	
  for	
  volaOle	
  elements)	
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Laure^a	
  (2011)	
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Meteorites	
  (~planets)	
  ~	
  solar	
  abundance	
  –	
  volaOles	
  (condensaOon)	
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Laure^a	
  (2011)	
  



Condensa?on	
  in	
  the	
  solar	
  nebula	
  

12.7.18	
  

Small	
  rocky	
  (volaOle-­‐poor)	
  planets	
  near	
  	
  
the	
  star	
  

Large	
  volaOle-­‐rich	
  planets	
  
(giant	
  planets)	
  far	
  away	
  (beyond	
  the	
  “ice-­‐line”	
  
~2.7	
  AU)	
  

 Does	
  this	
  explain	
  the	
  volaOle	
  (water)	
  	
  
content	
  of	
  Earth	
  (rocky	
  planets)?	
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Where	
  did	
  water	
  come	
  from?	
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comet:	
  ~50%	
  
carbonaceous	
  chondrite:	
  ~10%	
  	
  
ordinary	
  chondrite:	
  ~1	
  %	
  
enstaOte	
  chondrite:	
  <0.1	
  %	
  

(note:	
  conOnuous	
  range	
  of	
  composiOon	
  between	
  carbonaceous-­‐
chondrite	
  and	
  comets,	
  e.g.,	
  Gounelle,	
  2011)	
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Isotopic	
  observaOons	
  (not	
  only	
  D/H	
  but	
  also	
  C,	
  N	
  isotopes)	
  
 	
  The	
  main	
  source	
  of	
  water	
  on	
  Earth	
  is	
  not	
  comets	
  but	
  some	
  
materials	
  similar	
  to	
  common	
  meteorites.	
  
 	
  Did	
  most	
  of	
  water-­‐rich	
  materials	
  come	
  from	
  regions	
  beyond	
  
the	
  ice-­‐line	
  in	
  the	
  later	
  stage	
  of	
  planetary	
  accre?on?	
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Marty-­‐Yokochi	
  (2006)	
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Raymond	
  et	
  al.	
  (2006)	
  (Morbidelli	
  et	
  al.,	
  2000)	
  

A	
  model	
  of	
  water	
  delivery	
  to	
  growing	
  planets	
  	
  
Most	
  of	
  water	
  comes	
  from	
  regions	
  beyond	
  the	
  “ice	
  line”	
  due	
  to	
  orbital	
  
scaKering	
  in	
  the	
  later	
  stage	
  of	
  accre?on	
  (i.e.,	
  aher	
  core	
  formaOon)	
  
	
  (see	
  also	
  Albarède,	
  2009)	
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•  Late	
  or	
  early	
  vola?le	
  acquisi?on?	
  	
  
 	
  different	
  magma	
  ocean	
  evoluOon	
  i.e,	
  mantle	
  chemistry	
  
(water	
  affects	
  the	
  melOng	
  relaOonship).	
  

 	
  different	
  core	
  chemistry	
  (volaOles	
  in	
  the	
  core)	
  
Albarède	
  (2009)	
  

	
  Earth	
  and	
  chondrites	
  are	
  “depleted”	
  (95%	
  or	
  more)	
  
	
  volaOles	
  comes	
  from	
  material	
  away	
  from	
  the	
  “ice-­‐line”	
  	
  

	
  late	
  stage	
  volaOle	
  acquisiOon 	
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•  Earth	
  =	
  “wet”	
  planet?	
  
–  total	
  mass	
  =	
  6.0	
  x	
  1024	
  kg	
  

– ocean	
  mass	
  =	
  1.4	
  x	
  1021	
  kg	
  
– ocean/total	
  =	
  0.023	
  %	
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 	
  Not	
  much	
  water	
  is	
  needed	
  to	
  make	
  “wet”	
  Earth	
  
(99%	
  depleOon	
  from	
  CI	
  chondrite	
  	
  0.1	
  %,	
  i.e.,	
  ~40	
  ocean	
  mass!)	
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Wood	
  et	
  al.	
  (2010):	
  discussions	
  on	
  Albarède	
  (2009)	
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“Siderophile”	
  and	
  volaOle	
  elements	
  are	
  more	
  depleted	
  than	
  other	
  equally	
  
volaOle	
  but	
  non-­‐siderophile	
  elements	
  	
  vola?le	
  acquisi?on	
  before	
  core	
  
forma?on	
  	
  Hydrogen	
  in	
  the	
  core?	
  



VolaOle	
  loss	
  during	
  later-­‐stage	
  collisions	
  
(giant	
  impacts)?	
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Late	
  stage	
  collision	
  
large	
  degree	
  of	
  heaOng	
  	
  

	
  vapor-­‐rich	
  disk,	
  magma	
  ocean	
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444 R.M. Canup / Icarus 168 (2004) 433–456

Fig. 4. Post-impact state of protoearth and disk from simulation shown in Fig. 2. (a) Temperatures within a 2000-km thick slice through the protoearth, parallel

with and centered on the equatorial plane of the planet; (b) same slice as shown in (a), but here color scales with the source object of the material, withred

particles originating from the impactor and blue from the target; (c) same slice as in (a), but color scales with material type, with iron particles in red and

dunite particles in blue; (d) the entire protoearth and disk, with color scaling with material type (iron vs. dunite) as in (c).

2000). Figure 5b shows numerical spreading times calcu-

lated for individual disk particles from Eq. (3); the shortest

characteristic times are ∼ 30 hours.

Figure 6 shows the final particle temperatures vs. instan-

taneous radial position for dunite (black) vs. iron (red). In

the final protoearth, rock temperatures are in the 2000 to

10,000 K range, with iron from the impactor reaching much

higher temperatures of tens-of-thousands of degrees K. The

disk rock has temperatures ranging from 2500 to 5000 K;

some of the disk iron is significantly hotter, with tempera-

tures in excess of 10,000 K in the inner disk.

4.2. A disk-moon producing impact

Figure 7 shows an N = 120,000 particle simulation with
a somewhat larger impactor with γ = 0.15, and a slightly
reduced total mass of MT = 0.95M⊕. The impact angular

momentum is L = 1.26LEM, vimp = vesc, and b′ = 0.726.

A very similar impact sequence results as in Fig. 2, with

an inner clump composed primarily of the iron core of the

impactor undergoing a second impact with the protoearth

(Fig. 7b). However, in this case, the outer clump remains

largely intact on a Roche-exterior orbit, yielding a final

moon-disk system.

At the end of the Fig. 7 impact, the bound planet-disk

system has an angular momentum of LF = 1.21LEM, the

mass of the central planet is 0.924M⊕, and its rotational
day is about 4.2 hours with J2 ≈ 0.035. A total mass of

Me = 0.28ML has escaping orbits. The orbiting disk, de-

scribed by 4800 particles, contains 1.82ML,2.2% iron, and

an angular momentum of LD = 0.363LEM. Of the mass

having equivalent orbits exterior to aR (1.42ML), 86% orig-

inated in the impactor, 12% is vapor, and < 1% is iron. For

Canup	
  (2004)	
  



Water	
  distribuOon	
  aher	
  the	
  solidificaOon	
  of	
  magma	
  ocean	
  
(Elkins-­‐Tanton)	
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Moon	
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EvoluOon	
  of	
  ocean	
  through	
  geological	
  history	
  
global	
  volaOle	
  circulaOon	
  	
  plate	
  tectonics	
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VolaOles	
  came	
  from	
  the	
  basic	
  building	
  bocks	
  of	
  Earth	
  (planets).	
  	
  
	
  Ocean	
  has	
  been	
  formed	
  through	
  the	
  global	
  material	
  circulaOon.	
  



Hydrosphere-­‐solid	
  Earth	
  interac?on	
  

  Hydrosphere	
  (ocean)	
  has	
  evolved	
  through	
  the	
  interac?on	
  with	
  the	
  solid	
  Earth.	
  	
  
  But	
  the	
  nature	
  of	
  interac?on	
  is	
  poorly	
  understood.	
  

Korenaga	
  (2008)	
   McGovern	
  and	
  Schubert	
  (1989)	
  

negaOve	
  feedback	
  (stable	
  water	
  content)	
  or	
  posiOve	
  feedback?	
  
rheology	
  	
  water	
  (for	
  deep	
  mantle	
  minerals)	
  
Processes	
  inside	
  of	
  the	
  mantle:	
  buffering	
  water	
  content	
  (deep	
  mantle	
  melOng)?	
  	
  
Water	
  distribu?on	
  in	
  the	
  mantle	
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Water	
  in	
  the	
  Moon	
  
How	
  does	
  a	
  giant	
  impact	
  affect	
  the	
  volaOle	
  acquisiOon?	
  

•  Evidence	
  of	
  water	
  in	
  the	
  Moon	
  
– Geochemical	
  evidence	
  

– Geophysical	
  evidence	
  
•  Processes	
  of	
  Moon	
  formaOon	
  and	
  volaOles	
  

– Physical	
  condiOons	
  of	
  a	
  proto-­‐lunar	
  disk	
  
– Phase	
  diagram	
  of	
  silicate	
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Outline	
  

•  “Wet”	
  (not-­‐so-­‐dry)	
  Moon?	
  
–  Geochemical	
  evidence	
  
–  Geophysical	
  evidence	
  

•  Electrical	
  conduc?vity	
  
•  Q	
  (?dal	
  dissipa?on)	
  

•  Can	
  we	
  reconcile	
  “wet”	
  Moon	
  with	
  a	
  giant	
  impact	
  model?	
  
–  How	
  does	
  a	
  planet	
  get	
  volaOles	
  during	
  condensaOon/accreOon?	
  
–  Giant	
  impact	
  and	
  the	
  fate	
  of	
  volaOles	
  

•  Importance	
  of	
  liquid	
  phases	
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“dry”	
  Moon	
  	
  

19
77
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R
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Ringwood-­‐Kessen	
  (1977)	
  

24	
  

The	
  Moon	
  is	
  more	
  depleted	
  than	
  Earth.	
  
Pa^erns	
  of	
  volaOle	
  loss	
  for	
  Earth	
  and	
  the	
  Moon	
  are	
  different.	
  	
  VolaOle	
  loss	
  in	
  the	
  Moon	
  	
  
in	
  the	
  hydrogen	
  and	
  iron	
  poor	
  environment	
  (compared	
  to	
  the	
  	
  solar	
  nebula)	
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Ted	
  Ringwood	
  (1930-­‐1993)	
  



Geochemical	
  evidence	
  for	
  the	
  “wet”	
  Moon	
  

measurements, and Cl contents of <50 ppm that
were limited by electron microprobe detection
limits. Reheated Apollo 12 melt inclusions, con-
taining medium-Ti magmas (5 to 6 wt % TiO2),
show sulfur contents that are 20% higher than
our data on average (23). In our data set, we
observe a correlation of all the volatiles with
each other (Fig. 3), pointing toward the degassed
compositions of the matrix glass rinds and vol-
canic glass beads (4).

Themost important aspect of our volatile data
on lunar melt inclusions is their similarity to melt
inclusions from primitive samples of terrestrial
mid-ocean ridge basalts (MORBs), like those
recovered from spreading centers located within
transform faults (24); the melt inclusions from
74220 are markedly similar to melt inclusions
from the Siqueiros Fracture Zone on the East
Pacific Rise, some of the most primitive mid-
ocean ridge magmas that have been measured
(Fig. 3). These similarities suggest that the vol-
atile signature of the lunar mantle source of the
high-Ti melt inclusions is very similar to that of
the upper mantle source of MORB.

It is important that we have made these
measurements on inclusions from olivine crys-
tals contained within primitive lunar volcanic
glasses. These inclusions were quenched within
minutes after their eruption (4), providing min-
imal opportunity for posteruptive hydrogen dif-
fusion out of the inclusions and affording a
direct H2O measurement on primary lunar mag-
ma samples that have not experienced poster-
uptive degassing and associated loss of volatiles.
The water concentrations that we measured are
20 to 100 times as high as previous direct mea-
surements of the lunar glass beads from this
same sample, which was estimated to have suf-
fered 95 to 98% loss of H2O via degassing (4),
and they are higher than estimates derived from
lunar apatite measurements, which require a 95
to 99% correction for fractional crystallization
to estimate primary magma volatile contents
(5, 6). Our results are direct measurements on
primary lunar magma compositions that require
no such extrapolations.

Our melt inclusion data allow us to place
some constraints on the volatile content of the
lunar mantle source that generated the high-Ti
picritic magmas. Using the most water-rich melt
inclusion composition after correction for post-
entrapment crystallization, and an estimation that
the high-Ti magmas originated from 5 to 30%
batch partial melting with partitioning similar to
that of terrestrial mantle-derived melts (17), we
estimate lunar mantle volatile concentrations of
79 to 409 ppm H2O, 7 to 26 ppm F, 193 to 352
ppm S, and 0.14 to 0.83 ppm Cl. These estimates
overlap most estimates for the volatile content of
the terrestrial MORB mantle (24–27) and are
much higher than previous estimates for the lunar
mantle based on the volatile content of lunar
apatite (5, 6) and the variation of Cl isotopes in
lunar rocks (28), including the sample 74220 that
we have studied here. The melt inclusions indi-

cate definitively that some reservoirs within the
interiors of Earth and the Moon not only have
similar water contents, but also similar contents
of fluorine, sulfur, and chlorine associated with
this water, a volatile abundance signature shared
by both bodies.

These results show that the Moon is the only
planetary object in our solar system currently

identified to have an internal reservoir with a
volatile content similar to that of Earth’s upper
mantle, and that previous estimates of the lunar
inventory for highly volatile elements are biased
to low concentrations owing to the degassed na-
ture of lunar samples thus far studied. The Moon
has erupted a wide variety of magmas during its
history, and it remains to be seen whether other

A
B

FED

C16OH/30Si

Fig. 2. (A to F) NanoSIMS scanning isotope images of olivines A1, A2, N3, N6, N8, and N9 fromApollo 17
sample 74220, showing the distribution of water within melt inclusions from the olivine grains shown in
Fig. 1. The images show the distribution of the isotope ratio 16OH/30Si indicated by the color scale shown
in (A), which ranges from dark regions corresponding to low 16OH/30Si ratios (e.g., olivine surrounding
melt inclusions), to red regions within melt inclusions with 16OH/30Si ratios approaching 0.25
(corresponding to ~1400 ppm H2O). The color scale is the same in all images, and all images show a scale
bar of 1 mm. Rectangular areas are regions of interest within which each isotope ratio is calculated and
converted to a concentration.

A C

E

B

D F

Fig. 1. (A to F) Optical photographs of olivines A1, A2, N3, N6, N8, and N9 from Apollo 17 sample
74220. Inclusions within circles indicate the inclusions that were imaged in Fig. 2. Scale bars are 10 mm
in all photos.

8 JULY 2011 VOL 333 SCIENCE www.sciencemag.org214

REPORTS

 o
n

 J
u

ly
 2

1
, 

2
0

1
1

w
w

w
.s

c
ie

n
c
e

m
a

g
.o

rg
D

o
w

n
lo

a
d

e
d

 f
ro

m
 

12.7.18 

lunar mantle sources are as volatile rich as the
source ofApollo 17 high-Timagmas.Nevertheless,
the hydrated nature of at least part of the Moon’s
interior is a result that is not consistent with the
notion that the Moon lost its entire volatile in-
ventory to the vacuum of space during degassing
after a high-energy giant impact, which would
be expected to leave a highly desiccated lunar
interior.

If the bulk of the lunar interior has a volatile
content similar to our estimate for the high-Ti
mantle source, then our results present difficulties
for late-accretion models that require volatile
delivery to Earth and the Moon after their for-
mation, because these two bodies have very dif-
ferent accretion cross sections that would predict
different internal volatile contents. An Earth-Moon
similarity in volatiles could indicate that chemical
exchange of even the most volatile elements be-
tween the molten Earth and the proto-lunar disc
might have been pervasive and extensive, result-
ing in homogenization at the very high temper-
atures expected after a giant impact; this could
have been aided by the presence of a high-
temperature convective atmospheric envelope sur-
rounding Earth and the proto-lunar disc as the
Moon solidified (29). Alternatively, it is con-
ceivable that a portion of the lunar interior

escaped the widespread melting expected in the
aftermath of a giant impact and simply inherited
the inventory of water and other volatiles that is
characteristic of Earth’s upper mantle. Any model
for the formation of Earth-Moon system must
meet the constraints imposed by the presence of
H2O in the lunar interior, with an abundance sim-
ilar to that of Earth’s upper mantle and with a
complement of fluorine, sulfur, and chlorine also
present at terrestrial levels. To the extent that lu-
nar formation models predict very different vol-
atile contents of Earth and the Moon, our results
on the volatile content of lunar melt inclusions
suggest that we lack understanding on some crit-
ical aspects of the physics of planetary moon for-
mation by collisional impact.

Our findings also have implications for the
origin of water ice in shadowed lunar craters,
which has been attributed to cometary and
meteoritic impacts (30). It is conceivable that
some of this water could have originated from
magmatic degassing during emplacement and
eruption of lunar magmas (31). These results also
underscore the importance of pyroclastic volcan-
ic samples in unraveling the history and compo-
sition of theMoon’s interior; indeed, such deposits
have been identified and mapped on the surfaces
of all the terrestrial planets and many satellites.
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Fig. 3. (A to C) Volatile abun-
dances for lunar melt inclusions
(orange circle with black rims) and
matrix glasses (orange circles) from
Apollo 17 sample 74220. Melt in-
clusions show the highest concen-
trations (>600 ppm H2O) whereas
matrix glasses show the lowest con-
centrations due to degassing (≤30
ppm H2O). The black curves show
lunar magma degassing trends,
scaled from the volatile-volatile
correlations observed in core-rim
NanoSIMS data on a lunar glass
bead reported by Saal et al. (4);
the core-rim data were scaled by
multiplying the originally reported
data for each element, by the ratio
of the highest melt inclusion com-
position to that of the core com-
position reported in table 2 of (4).
The gray field surrounds data for
melt inclusions from the Siqueiros
Fracture Zone on the East Pacific
Rise, as an example of depleted
MORB (24).
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4. Discussion

4.1. Conduction mechanisms

The observed different activation enthalpy and different depen-
dence on oxygen fugacity for “dry” and “wet” (water-rich) samples
are strong evidence for the operation of different mechanisms of
electrical conduction in these two types of samples. In particular, the
dependence of conductivity on oxygen fugacity and water fugacity
(the exponent r and q in Eq. (3)) provide strong constraints on the
nature of point defects involved in electrical conductivity (see Chapter
10 of Karato (2008) for details). The observed positive exponent for
oxygen fugacity for a “dry” sample is consistent with the charge
transfer by ferric iron (Fe) with charge neutrality conditions either
[FeM

● ]=2[VM″ ] (q=1/6) or [FeM
● ]=[HM′ ] (q=1/8) (e.g., (Karato,

2008)). The activation enthalpy of 147 KJ/mol is similar to the values
observed in dry olivine (154 KJ/mol) and pyrope (141 KJ/mol, (Dai
and Karato, 2009)), and in case of olivine, there is a strong evidence
for ferric iron-related conduction mechanism based on the oxygen
fugacity dependence as well as the results of thermo-electric power
measurements (Schock et al., 1989). However, the value of oxygen
fugacity exponent, q (~0.050), is lower than those predicted by simple

models. It is possible that the oxygen fugacity range explored spans
these charge neutrality conditions as well as other conditions such as
[e′]=[FeM

● ] where [FeM
● ] is independent of oxygen fugacity. An

alternative possibility is imperfect equilibrium with respect to the
oxygen fugacity buffer, although we consider this is unlikely because
of the lack of appreciable hysteresis in our conductivitymeasurements.

The results for “wet” (water-rich) samples are similar to those by
Huang et al. (2005), but we havemore robust results on the activation
enthalpy and water content dependence, and we also have additional
data on the dependence of conductivity on oxygen fugacity. First, for
“wet” samples, the oxygen fugacity exponent, r, is negative. This is
consistent with conductivity mechanisms involving protons. The
observed results showing the value of r (0.72) of less than one means
that the dominant hydrogen-related defect, (2H)M× , is not the main
charge career. Instead, some ionized defects such as HM′ with the
charge neutrality condition of [FeM

● ]=2[VM″ ] (this model predicts
r=1/2 and q=−1/12) or H● with the charge neutrality condition of
[FeM

● ]=[H′] (r=3/4 and q=−1/8) is a plausible model (Karato,
2008). The presence of such minority defects in wadsleyite is
documented by Nishihara et al. (2008). This means that the minority
defects such as H● or HM′ has higher mobility than the majority defect,
(2H)M× . Again, however, the absolute value of q (=−0.058) is less
than these model predictions, suggesting that the experimental
conditions may span more than one charge neutrality conditions or
chemical equilibrium was only partial.

4.2. A comparison to previous studies

The present results are in good agreement with those by Huang
et al. (2005), although the parameter range explored is much broader
in the present study than that in Huang et al. (2005). For example, we
have determined the temperature dependence of conductivity under
a broader range of conditions, and new results on the influence of
oxygen fugacity were obtained.

However, our results are not consistent with those by Yoshino et al.
(2008a) and Manthilake et al. (2009). As discussed in detail by Karato
and Dai (2009), most of the differences between our results and those
by Yoshino et al. (2008a) and Manthilake et al. (2009) are due to the
difference in the method of conductivity measurements (see also
Romano et al. (2009)) and the difference in water content in “dry”
samples. Essentially, the use of one (or two) low frequency to
determine electrical conductivity results in a systematic bias for the
determined conductivity due to the influence of charge blocking at
electrodes. This influence is greater for samples with higher water
contents. This point is shown in Fig. 8. It is seen that the difference in
results from one low frequency measurements and impedance
spectroscopy is larger for samples with larger water content. Also,
the difference is larger at higher temperatures (under high water
content conditions). We can largely reproduce Yoshino et al.'s results
(Yoshino et al., 2008a) fromour data ifweuse one frequency (0.01Hz).
Consequently, we consider that the most of the differences are due to
the differences in the method of conductivity measurements.

The above analysis also implies that the reported water content
dependence of activation enthalpy by Yoshino et al. (2008a) may be
an experimental artifact. Both in Huang et al. (2005) and this study,
we show that the activation enthalpy under water-rich conditions is
insensitive to water content. As we discussed in detail before (see also
(Karato and Dai, 2009)), one fundamental problem of Yoshino et al's.
(2008a) approach is the use of a single low frequency to determine
the conductivity that gives rise to a systematic bias on the inferred
conductivity. This difference becomes larger at higher water content
and higher temperature (in the water-rich regime), and consequently
will result in the biased estimates of activation enthalpy. To evaluate
the magnitude of this effect, we have calculated the activation
enthalpy using our method as well as Yoshino et al's. (2008a) method.
The results are compared in Fig. 9. It is seen that whenwe use Yoshino

Fig. 6. Electrical conductivity versus water content relation for “wet” (water-rich)
wadsleyite under conditions of 15 GPa and 873–1273 K.

Fig. 7. Electrical conductivity of “dry” and “wet”wadsleyite versus inverse three oxygen
buffers (e.g. Mo–MoO2, Ni–NiO and Re–ReO2) under the conditions of 15 GPa and 873–
1273 K. The “wet” data are normalized to 0.074 wt.% water content.
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Fig. 4. Logarithm of electrical conductivity of synthetic forster- 
ite as a function of reciprocal temperature. The CO2-CO gas mixture 
buffers Po2 approximately along the QFM curve (10 -3 Pa at 1200øC). 
Error bars indicate the accuracy and reproducibility of the data. 

clutter the figures. The scatter about the lines is 0.02 log 
conductivity units on heating and 0.04 units on cooling. As 
already stated, the error in temperature measurement is 2øC. 
In contrast to the forsterite measurements, the olivine con- 
ductivity shows a greater upward curvature, an indication 
that conduction is more complex than can be explained by a 
single conduction mechanism. Figure 5 shows electrical 
conductivity as a function of oxygen fugacity in three 
crystallographic directions for RSP at 1200øC. Vertical lines 
indicate the stability field of olivine with this composition 
[Nitsan, 1974]. This stability field is only approximate be- 
cause when calculating stability fields, the influence of point 
defects as chemical entities must be considered [Nakamura 
and Schmalzried, 1983], as well as the influence of additional 
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Fig. 5. Logarithm of electrical conductivity of Red Sea peridot 

(Zabargad Island) as a function of Po2 at 1200øC. Vertical lines 
represent the stability field of olivine of this composition [after 
Nitsan, 1974]. 

transition metal impurities such as nickel [Boland and Duba, 
1986]. The conductivities in Figure 5 increase with increas- 
ing oxygen fugacity, which indicates that there is a relation- 
ship between oxygen partial pressure and the concentration 
of charge carriers. In this case, addition of oxygen appar- 
ently increases the concentration of charge carriers. At 
higher oxygen fugacities, conductivity varies as approxi- 
mately the + 1/7 power of the oxygen fugacity. 

Figure 6 shows similar data for SCC olivine. The conduc- 
tivity-Po2 behavior is essentially the same as for RSP. In 
both cases the data at low oxygen fugacities have lower 
slopes. Boland and Duba [1986] observed the exsolution of a 
nickel-iron alloy from SCC crystals held at the Fe-FeO 
boundary (10 -7 Pa at 1200øC), and we assume that this 
flattening of slope is the result of this phenomenon. Boland 
and Duba's results indicate that the presence of 0.33 wt % 
NiO in olivine containing 10% fayalite causes the olivine- 
pyroxene-iron buffer line of Nitsan [1974] to move almost 2 
orders of magnitude upward in Po2' Precipitation of the 
iron-nickel alloy removes some of the iron from the olivine 
structure and reduces the conductivity. In this case, magne- 
sium vacancies are created and can affect conductivity. 
Prolonged exposure to these Po2 conditions will, at equilib- 
rium, lead to an assemblage of olivine with reduced fayalite 
content, iron-nickel alloy, and pyroxene [Duba and 
Nicholls, 1973; Nitsan, 1974]. Nakamura and Schmalzried 
[1983] have shown that the presence of defects themselves 
can decrease the Po2 stability field of olivine; however, this 
effect is small in comparison to that of 0.33 wt % NiO 
[Boland and Duba, 1986]. 

Forsterite 

In contrast to the behavior of natural iron-bearing olivines, 
Parkin's [1972] studies of single crystals of synthetic forster- 
ite in Figure 7 (of unknown crystallographic orientation and 
containing small amounts of iron reported as 0.001-0.02 wt 
% FeO) show lower conductivities between 1400 ø and 
1500øC that decrease with increasing oxygen fugacity in the 
same Po•_ range as studied here. The conductivity in Parkin' s 
measurements varies as the -1/5 to -1/6 power of oxygen 
fugacity under reducing conditions. However, under the 
most oxidizing conditions there is no /202 dependence of 
conductivity in crystals containing the least iron; slightly 
more iron-rich samples do show a positive slope. 
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ine as a function of Po2 at 1200øC. Vertical lines represent the 
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Fig. 1. Conductivity versus temperature for various olivine samples and fits. The higher-temperature SCO data (three 
short dashed lines) are represented by the fits shown in Figure 2. The lower-temperature single crystal data for Red Sea 
peridot [010] (squares, [Duba et a/.,1974]) and SCO [010] (diamonds) are shown. Jackson County dunire (triangles) is 
represented by every second datum from Constable and Duba [1990], and a lherzolite (circles) is represented by every 
fourth datum from the original experiment (A. Duba and S. Constable, work in progress, 1991). Stars are grain interior 
conduction estimates for crushed and sintered SCO [Tyburczy and Roberts, 1990]. The similarity in activation energies for 
all data below 1200øC strongly suggests that a single activation energy is sufficent to describe all three crystallographic 
axes. It is notable that the metamorphic olivines (JCD and RSP) are significantly less conductive than the mantle olivines 
SCO and the lherzolite and that all measurements made on mantle materials group into a relatively tight band with less 
than 1/3 decade dispersion below 1200øC. Shankland and Duba's [1990] SO1 model is shown (long dashed line), as well 
as SO2 for the low temperature activation energy fixed at 1.4, 1.5, and 1.6 eV (solid lines). We see that for 1.4 eV, 
SO2 is comparable to SO1 but that SO2 for 1.6 eV provides a much better match to the activation energies of the lower 
temperature data. 

ing a mix of CO and CO2 at atmospheric pressure across the 
sample [Duba et al., 1990; Tyburczy and Roberts, 1990]. Con- 
trol of oxygen activity is necessary to maintain olivine within 
its stability field and because olivine exhibits a dependence 
of conductivity on fo2. A fixed gas ratio is normally used, 
which has the advantage that fo2 increases with temperature 
subparallel to the the boundaries of the olivine stability field 
and follows the quartz-fayalite-magnetite (QFM) or wustite- 
magnetite buffers. The disadvantage of using a fixed gas 
mix is that the activation energies estimated from the data, 
while applicable to parametric models of mantle conductivity, 
are a little different from the activation energies of the solid- 
state processes responsible for conduction because of the fo2 
dependence of conductivity. Most measurements were made 
using a gas mix which generates an oxygen partial pressure of 
10 -4 Pa at 1200øC; close to the QFM buffer. However, be- 
cause fo2 varies with temperature for a fixed gas mix, during 

heating or cooling there is a continuous lack of equilibration 
with the experimental gas mix. This effect can be seen in the 
jump in the conductivity of San Carlos [100] in Figure 1 at 
1200øC, where there is a pause in the heating rate to allow the 
sample to come to equilibrium. There is a similar jump in the 
[010] data (the [001] data were collected during cooling with 
no pause). Constable and Duba [1990] quantified this lack of 
equillbration and showed that the maximum error should be 
OAr, where 0 is the heating rate, A is the increase in conduc- 
tivity per degree increase in temperature due only to the change 
in fo2, and r is the characteristic time for reequilibration after 
a change in fo2. For SCO, OAr is approximately 1 Cø/minx 
0.0017 log10(a)/Cøx 25 min = 0.042 log•0(a). Comparison 
with the magnitude of the jumps indicates that this is a rea- 
with the magnitude of the jumps indicates that this is a rea- 
sonable estimate. 

For the purposes of estimating activation energy by param- 
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Fig. 4. Logarithm of electrical conductivity vs. reciprocal temperature for polycrystalline specimen H813. Fitting data at 4, 7 and 10 GPa
Ž .yields the parameters in Eq. 1 and permits the calculation of a curve for zero pressure.

.Tyburczy, 1991 . We used a Solartron 1260
ImpedancerGain Phase Analyzer with 1 V applied
voltage. Most data were obtained in the range 1
kHz–1 MHz and some at a fixed frequency of 1
kHz. Leakage current paths in parallel with the
sample are excluded by virtual Earth guarding
through the grounded shield.
Fig. 2 shows the representative complex

impedance curves for single crystal and polycrys-
Ž X. Ž Y .talline samples. The real Z and imaginary Z

parts of the impedance are obtained from the mea-
< <sured amplitude Z and phase f determined at a

X < < Y < <given frequency by Z s Z cosf and Z s Z sinf.
At high pressure, the dominant arc arises from grain
interior conduction. The arc diameter, which yields
the resistance, decreases with increasing temperature.
In these temperature and frequency ranges the sam-
ples show only a single arc so that only a simple
resistance–capacitance circuit is needed to fit each
curve. Fitting errors are of the order of a few percent
for each conductivity at a given temperature, but the
principal source of error is dimensional changes of
the sample, which are of order 10%. Estimated maxi-
mum error is 20%.

Table 1
Measurements on single crystal San Carlos olivine; results fitted to sss eyD Hr kT, where DHsDUqPDV0

Ž . Ž . Ž . Ž . Ž .Run P GPa T 8C Electrodes — log s s Srm DU eV DV DH eV Remarks10 0 0
3Ž . Ž .direction thermocouple cm rmole

Ž .H811 100 4 1000–1400 Mo–PtrPtRh 3.33"0.28 2127 1.79"0.0810
Ž .H820 001 4, 7, 10 1000–1400 Mo–PtrPtRh 2.67"0.14 469 1.50"0.04 0.86"0.1510
Ž .2008 010 4, 7, 10 1000–1400 Mo–WRe rWRe 1.67"0.12 46.9 1.17"0.04 0.62"0.133 25
Ž .2013 010 4, 7, 10 1000–1400 Mo–PtrPtRh 2.39"0.06 245 1.35"0.02 0.96"0.0610
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Fig. 5. Influence of method of calculation of electrical conductivity. The results from
impedance analysis from the semi-circle fit are compared with the results based on
single frequency (0.01 Hz) fit. Results from dry and from hydrous pyrope (0.047%
water) are shown (at 8 GPa, 873–1273 K).

trodes (Huebner and Dillenburg, 1995; Barsoukov and Macdonald,
2005). The presence of a capacitor in the impedance response
implies that there is a mechanism to accumulate electric charge
in the sample. Since our samples are single crystals, the most likely
mechanism for charge accumulation is the time-dependent reac-
tion at the electrode (Tyburczy and Roberts, 1990). When charge
is transferred from a sample to an electrode, an electron must be
transferred to a wire in order to maintain the electric current. If this
transfer takes a finite time comparable to or larger than the inverse
frequency of the voltage, then charge will be accumulated at the
electrode that will give rises to a capacitor.

If this interpretation is correct, then the “resistance” that one
determines at low frequencies (away from the first circle) will not
provide us with the correct electrical conductivity (resistivity). In
order to show this point, we plot the calculated conductivity by
two different methods: one from the fitting of the impedance spec-
troscopy results and another from the frequency = 0.01 Hz point
(Fig. 5). Although differences are not large for these samples, sys-
tematic differences are observed and we used the results from the
impedance fitting.

The electrical conductivity of the samples were calculated using
the following equation:

! = L/S
R

= L
SR

(2)

where L is the sample thickness and S is the cross-section area of
the electrode.

Electrical conductivity of a mineral containing both the ferric
iron and hydrogen can be expressed as:

! = !Fe + !H (3)

where !Fe is the electrical conductivity due to ferric iron, !H is
the electrical conductivity due to hydrogen. !Fe and !H may be
expressed as, respectively:

!Fe = AFe exp
(

−
H∗

Fe
RT

)
(4)

!H = AHCr
w exp

(
−

H∗
H

RT

)
. (5)

!Fe and !H are electrical conductivity due to ferric iron and proton,
the AFe, AH and r are constants, the H∗

Fe and H∗
H are the activation

enthalpies corresponding to these two mechanisms, R is the gas

Table 3
Parameter values for the electrical conductivity of pyrope-rich garnet (units: A: S/m,
E*: kJ/mol, V*: cm3/mol, P: GPa). The relation ! = A · Cr

w exp(−(E∗ + PV ∗)/RT) and
! = A · exp(−(E∗ + PV ∗)/RT) are used for wet conditions and dry conditions respec-
tively. Under dry conditions, the experimental data show strong dependence of A
on pressure. Therefore we used a relation A = Ao (1 – B·P) or A = exp [Co(1 – D·P)] (B
and D in 1/GPa). Under wet conditions, the pressure dependence of A is not well-
constrained, and we assumed a pressure-independent A. Errors are one standardized
deviation, and include the contribution of errors in individual measurements (errors
in water content, temperature and electrical conductivity).

A r E* V*

Wet 1950 (+870, −600) 0.63 ± 0.19 70 ± 5 −0.57 ± 0.05

Dry Ao = 1036(±236) – 128 ± 6 2.50 ± 0.48
B = 0.044(±0.007)
Co = 7.16(±0.37)
D = 0.012(±0.009)

Fig. 6. Electrical conductivity for garnet versus inverse temperature relationship at
P = 8 GPa and T = 873–1473 K for different water contents.

constant and T is temperature with

H∗ = E∗ + P · V∗ (6)

where P is pressure.
The fitted parameter values for the electrical conductivity of

hydrous and anhydrous pyrope-rich garnet are listed in Table 3 and
some representative results are shown in Figs. 6–8. Fig. 6 shows

Fig. 7. Influence of pressure on the electrical conductivity of garnet at the temper-
ature of 873–1473 K.
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hot-pressed specimens were equilibrated. A cylindrical Ni foil is
placed between the sample and the furnace to minimize the leakage
currents (for details, see ref. 16). The temperature was measured by a
W5%Re-W26%Re thermocouple that is placed next to the sample
and is also used as one of the electrodes. The temperature reading is
stable better than ,10K during one measurement. The complex
impedances of samples were determined by a Solartron 1260 imped-
ance/gain phase analyser at 4GPa and 873–1,273K within the
frequency range 103–106Hz with a voltage of 0.1 V. The choice of

relatively low voltage and a high frequency range was made to
minimize the hydrogen loss during an experiment. All the data shown
here are from measurements in which water loss (calculated from
water content before and after the experiment) is less than ,20%.
A complete list of the results is provided in a Table in Supplementary
Information 1. The conductivity values were calculated from the
complex impedance of samples. The results are shown in Fig. 2.
The error in the conductivity measurement is largely due to the res-
istance fit and are65%, the errors in temperature measurements are
610K or better, and the major errors are those for water content and
are 620% (see Methods).

Electrical conductivities of a mineral containing both hydrogen
and iron can be written as:

s~sFezsH ð1Þ
where sFe is the electrical conductivity due to ferric iron, and sH is the
electrical conductivity due to hydrogen. sH may be written as:

sH~ACr
wexp {

H#

RT

! "
ð2Þ

where we used a relation that the electrical conductivity is propor-
tional to the concentration of charged species and their mobility
(Nernst–Einstein relation), and the concentration of charged species
is proportional to Cr

w, where Cw is the water content, A and r are
constants,H* is the activation enthalpy, R is the gas constant and T is
temperature. The results are summarized in Table 1 together with the
results for ‘dry’ olivine. The errors in estimated parameters are for
one standard deviation, and errors in temperature, conductivity and
water content measurements are included in the error estimate of
these parameters. The range of grain sizes is too narrow to constrain
any grain-size sensitivity, but a comparison of the present results with
the results on a coarse-grained dunite17 (,1mm grain size) suggests
that the grain-size effect, if any, is small.

For hydrogen-free (‘dry’) olivine, electrical conductivity (sdry) is
due mainly to the migration of electron holes that are created by
ferric iron and sdry<sFe (refs 18, 19; note, however, that sFe is in
general dependent on hydrogen (water) content and sdry~ lim

Cw?0
sFe).

The values of electrical conductivity in our hydrogen-bearing oliv-
ine are significantly higher than those of hydrogen-free (‘dry’) oliv-
ine20 (Fig. 2a). Also, the activation enthalpy for ‘dry’ olivine
(,154 kJmol21) is much higher than that of ‘wet’ olivine
(,876 5 kJmol21), and there are very small pressure effects on elec-
trical conductivity21. Therefore, the conduction mechanism is differ-
ent between ‘wet’ and ‘dry’ samples. For dry olivine samples, the
conduction mechanism is considered to be the migration of electron
holes18,19. However, for ‘wet’ olivine samples, it should be due to a
different charged species, hydrogen: swet<sH.

Let us examine how hydrogen enhances electrical conductivity.
Karato6 assumed that the electrical conductivity in olivine containing
hydrogen is dominated by the diffusion of hydrogen, and used the
experimental data on hydrogen diffusion and solubility to calculate
the electrical conductivity. The data that Karato6 used were chemical
diffusion of hydrogen, but a later analysis by Kohlstedt and
Mackwell22 showed that the data on chemical diffusion roughly
correspond to self diffusion of protons (corrected by a factor of 2).
Consequently, we use the data by Kohlstedt and Mackwell22 and
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Figure 2 | Electrical conductivity versus inverse temperature and water
content. a, A plot of electrical conductivity (s) versus inverse temperature.
The numbers next to each line indicate the water content (in wt%). Solid
lines with numbers are the results of multilinear regression from all the data.
Each symbol represents the data corresponding to a given water content (in
wt%). The broken lines show the conductivity values calculated from water
diffusion coefficients determined by Kohlstedt and Mackwell22 using the
model by Karato6, and the conductivity for ‘dry’ olivine20. Both the
magnitude and the slope from the present study are different from those of
‘dry’ olivine and the trend calculated using the Karatomodel, indicating that
the charge carrier corresponding to the present study is different from those
in the previous studies (neutral hydrogen-defect at M-sites for the Karato
model, Fe31 for ‘dry’ olivine). b, A plot of electrical conductivity versus
water content. The fit of the data to a model equation yields r5 0.626 0.15.
The numbers along each line represent the temperature in K. A relatively
large error for r is due to the fact that only a narrow range of water content
can be explored for olivine due to the relatively small hydrogen solubility,
and to a large error in the estimate of water content from FT-IR (see
Methods). Each symbol corresponds to the data for a given temperature
(in K).

Table 1 | Parameter values for electrical conductivity of olivine

Olivine
conditions

log10[A (Sm21)] r H*
(kJmol21)

Wet
Dry

3.06 0.4
2.4

0.626 0.15
0

876 5
154

The relation s5ACr
wexp(2H*/RT) is used. Errors are for one standard deviation, and include

the contribution of errors in individual measurements (error in temperature, water content and
conductivity). The data for ‘dry’ conditions are from ref. 20. The electrical conductivity under
‘dry’ conditions corresponds to conductivity due to ferric iron at zero hydrogen content
(sdry~ lim

Cw?0
sFe).
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well known but it may be due to the in!uence of
small water-"lled inclusions that may be mineral
speci"c. In any case, this SIMS versus FT-IR dis-
crepancy for olivine is well documented,14),15),35) and
we consider both cases. Water partitioning between
olivine and orthopyroxene is strongly dependent on
water content (water fugacity) and temperature be-
cause of the di#erent dependence of water solubility
on water fugacity and temperature for these min-
erals. A large fraction of water is dissolved in ortho-
pyroxene for the low total water content and/or low
temperature. The calculated results of partition co-
ef"cient depend on the method of water content
measurement.

The electrical conductivity of a pyrolite was cal-
culated using a model of electrical conductivity of a
mixture. At a given conditions (temperature, pressure
and water content), hydrogen partitioning among co-

existing minerals was calculated, and corresponding
electrical conductivity of each mineral was calculated.
Then the electrical conductivity of a mixture (pyrolite
composition) is calculated. Several models for electri-
cal conductivity of a mixture were proposed,36) but
we use the Hashin-Shtrikman bounds. The choice of
a model does not make much di#erence because the
conductivity contrast is small (Hashin-Shtrikman
upper and lower bounds give only less than a few %
di#erence in electrical conductivity if the conduc-
tivity contrast is less than 2). In this calculation,
we adjusted olivine data on electrical conductivity10)

for SIMS-based water content. Therefore the water
content in this "gure corresponds to water content
determined by SIMS. If FT-IR based water content
is used, then the water content estimated from elec-
trical conductivity should be interpreted as FT-IR
based water content, and hence a factor of !3 correc-
tion must be multiplied to olivine water content to
convert it to SIMS-based water content. As far as
such a conversion is made, water content inferred
from electrical conductivity is not sensitive to the
method of water content measurement.

The results of such calculations are shown in
Fig. 6. For a plausible temperature of 1600 K for the
asthenopshere,29) we obtain 0.04 wt% for a conduc-
tivity of 10"1 S/m and 0.01 wt% for 4# 10"2 S/m.
This is in good agreement with the petrological in-
ference of water content for the MORB (mid-ocean
ridge basalt) source region37)–39) (0.01{0.02 wt%). How-
ever, there is a large regional variation in electrical con-
ductivity of the asthenosphere exceeding more than a
factor of 10.40)–42) If such a variation is attributed
solely to the temperature variation, it would corre-
spond to the variation in temperature of more than
!500 K that is not plausible in the asthenosphere.43)

Consequently, we conclude that a large fraction of
the lateral variation in electrical conductivity of the
asthenosphere is caused by the variation in water
content. Note that if we were to use the results by
Yoshino et al.5) using SIMS-based water content cali-
bration for olivine together with the present results
for orthopyroxene, we would need a water content
of !0.1 wt% or more to explain the observed electri-
cal conductivity. Such a value exceeds petrologically
inferred water content (0.01{0.02 wt%). This is due to
the inappropriate method used by Yoshino et al. in-
cluding the use of a single, low frequency data at low
temperatures as discussed by Karato and Dai.8),11)

What about partial melting? Partial melting is

Fig. 6. Relationship between the electrical conductivity of a
pyrolite upper mantle (olivine : orthopyroxene : garnet¼ 60 :
35 : 15, Mg# ¼ 88) and the water content and temperature
at 5 GPa

SIMS-based water content is assumed. Di#erent relation-
ship will be obtained if FT-IR based water content is used.
However, if the correction between FT-IR and SIMS-based
water content (for olivine)14) is applied, the water content
inferred from electrical conductivity will not be sensitive to
the method of water content measurements. Orange region
represents a typical range of electrical conductivity in the
asthenosphere,40),41),47) and the green region corresponds to
a range of water content in the asthenosphere inferred from
petrological (geochemical) studies.37)–39)

7Water content of the Earth’s asthenosphereNo. 10]
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the thermal evolution models and also require a high magnetizing field at the time
of the lunar accretion.

In summary, the magnetization of the lunar crust is a fact, but the source of the
magnetizing field is not yet resolved.

III. SEISMIC DATA AND STRUCTURE OF THE LUNAR
INTERIOR

A seismic network which consists of four stations at the present (Apollo 12, 14, 15,
and 16 sites) is operating on the moon. Seismograms from moonquakes, meteoroid
impacts, and man-made impacts (Saturn SIV-B stage and LM ascent stage) have
been recorded and analyzed. In Figure 5, typical seismograms from moonquakes
and impacts are shown. They are very long and reverberating and are dissimilar
to terrestrial seismograms. These reverberating characteristics have been explained
by strong scattering of seismic waves in the upper 10-15 km of the lunar crust
(20, 42, 43). Topographic features~ lunar regolith, compositional boundaries, and
especially cracks and joints in the crust become very efficient scatterers in the
absence of water and the absence of damping. The Q-value for the lunar crustal
material is about 3000-5000, an order of magnitude greater than that of the earth’s
crust. This high Q is primarily because of the absence of water and volatiles.

III.1 Moonquakes and Lunar Tectonisrn

The moon is very aseismic compared to the earth. The seismic energy release is
about 10t 5 ergs/year, ten ordereofmagnitude less than that in the earth (44). Although
each one of the seismic stations detects, on the average, between 600 and 3000
moonquakes per year, all moonquakes are very small (Richter magnitude 2 or less).
There are many more very small micromoonquakes correlated with lunar sunset
and sunrise at a given station. These may be thermally activated near surface
events (45).

Category C (meteoroid impact)
8:09 hr, 8 Aprit 1970

Category A1 (moonquake)
1:$:09 hr, 23 May 1970

Z

Figure .5 Typical seismograms of impacts and moonquakes recorded by Apollo Passive
Seismic Experiment instruments.
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With this background, the compositional implications of the lunar velocity 
models can be explored with the aid of high-pressure laboratory measurements on 
lunar and terrestrial rocks. Velocity measurements have been made on lunar soils, 
breccias, and igneous rocks from six Apollo missions (7, 16, 17, 34, 49, 51, 78, 79, 
80,90,91, 93,94). Regardless of composition, these rocks are characterized by very 
low velocities at low pressures relative to terrestrial rocks. This can be attributed 
to the absence of water in the lunar rocks combined with the effects of porosity and 
microcracks. 

The measured velocities of appropriate lunar samples are shown in a generalized 
form along with the observed compressional velocity profile in Figure 10. 
Compressional velocities of terrestrial pyroxenites and olivines (6, 15, 60) shown 
on the figure specify general bounds between which most values fall. 

From the comparison of the laboratory data and the lunar velocity profile, the 
following units can be identified: 

(a) Near the surface the extremely low seismic velocities (about 100 m/sec near 
the surface) correspond to those of lunar regolith. 

Figure I I  Schematic diagram of lunar structure with the thickness of the crust exaggerated. 
The earthside is to the left of the figure. Basalt filling under maria is shown in black. The 
possible limited extent of the high-velocity zone is indicated by stippling. 
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Fig. 4. Post-impact state of protoearth and disk from simulation shown in Fig. 2. (a) Temperatures within a 2000-km thick slice through the protoearth, parallel

with and centered on the equatorial plane of the planet; (b) same slice as shown in (a), but here color scales with the source object of the material, withred

particles originating from the impactor and blue from the target; (c) same slice as in (a), but color scales with material type, with iron particles in red and

dunite particles in blue; (d) the entire protoearth and disk, with color scaling with material type (iron vs. dunite) as in (c).

2000). Figure 5b shows numerical spreading times calcu-

lated for individual disk particles from Eq. (3); the shortest

characteristic times are ∼ 30 hours.

Figure 6 shows the final particle temperatures vs. instan-

taneous radial position for dunite (black) vs. iron (red). In

the final protoearth, rock temperatures are in the 2000 to

10,000 K range, with iron from the impactor reaching much

higher temperatures of tens-of-thousands of degrees K. The

disk rock has temperatures ranging from 2500 to 5000 K;

some of the disk iron is significantly hotter, with tempera-

tures in excess of 10,000 K in the inner disk.

4.2. A disk-moon producing impact

Figure 7 shows an N = 120,000 particle simulation with
a somewhat larger impactor with γ = 0.15, and a slightly
reduced total mass of MT = 0.95M⊕. The impact angular

momentum is L = 1.26LEM, vimp = vesc, and b′ = 0.726.

A very similar impact sequence results as in Fig. 2, with

an inner clump composed primarily of the iron core of the

impactor undergoing a second impact with the protoearth

(Fig. 7b). However, in this case, the outer clump remains

largely intact on a Roche-exterior orbit, yielding a final

moon-disk system.

At the end of the Fig. 7 impact, the bound planet-disk

system has an angular momentum of LF = 1.21LEM, the

mass of the central planet is 0.924M⊕, and its rotational
day is about 4.2 hours with J2 ≈ 0.035. A total mass of

Me = 0.28ML has escaping orbits. The orbiting disk, de-

scribed by 4800 particles, contains 1.82ML,2.2% iron, and

an angular momentum of LD = 0.363LEM. Of the mass

having equivalent orbits exterior to aR (1.42ML), 86% orig-

inated in the impactor, 12% is vapor, and < 1% is iron. For

12.7.18 
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Fig. 5. Properties of the disk particles at the end of the simulation shown in

Fig. 2. (a) Particle eccentricity vs. semi-major axis (computed assuming a

keplerian orbit); curves of constant periapse are shown at 1.1 planetary radii

(thick line) and the Roche limit (thin line); (b) numerical viscous spreading

timescales from Eq. (3) computed for individual orbiting particles as a func-

tion of semi-major axis.

material with equivalent orbits interior to aR(0.4ML),80%

is from the impactor, 16% is vapor, and 9.1% is iron. Us-

ing Eq. (1) with (Mesc/MD) = 0.05, the predicted mass of

the satellite that would accrete from this disk is equal to the

total disk mass. This is because there is sufficient angular

momentum in the disk to have all of the disk mass orbiting

in a single moon with a = 1.2aR. However, this case is an

example of a high angular momentum disk that exceeds the

range considered to date by accretion simulations; for such

a disk the assumptions of (Mesc/Md) = 0.05 and a = 1.2aR

may no longer be valid (e.g., Kokubo et al., 2000, Fig. 9).

We estimate the largest clump (Fig. 7e) contains 61%

of a lunar mass and is described by about 1700 SPH par-

ticles. The tendency for the formation of large intact clumps

as a direct result of the impact has been found previously

(e.g., Cameron and Benz, 1991; Cameron, 2000). For ex-

ample, the N = 3000 particle simulation shown in Cameron

and Benz (1991, their Fig. 2 and run DE11) had γ = 0.14,

L = 1.3LEM, vimp = vesc, and b′ = 0.74, and produced a

disk containing 1.4 lunar masses, including a single clump

Fig. 6. Temperature vs. instantaneous radial position for all of the particles

at the end of the simulation in Fig. 2. Red particles are iron; black are dunite.

containing 0.86ML described by 32 SPH particles. Although

the time sequence in Fig. 7 has a quite different morphol-

ogy than that of DE11, the basic similarity in outcomes is

striking given the nearly two orders of magnitude differ-

ence in disk resolution. Similar outcomes to that of Fig. 7

were also found for some of the medium resolution runs in

CA01 utilizing the Tillotson EOS. Thus the direct forma-

tion of large clumps for certain impacts has been observed

over a wide range in resolution, and for all of the previously

utilized equations of state (ANEOS, M-ANEOS, and Tillot-

son). However, as a cautionary reminder we note that these

results have all been derived using SPH, which as a method

is known to be capable of producing spurious clumping (e.g.,

Imaeda and Inutsuka, 2002).

4.3. Properties of successful impacts

Table 1 lists properties of 47 “successful” lunar-forming

impacts, defined as those that leave iron-poor disks with

a predicted satellite mass ! ML from Eq. (1). The suc-

cessful impacts involved impactor-to-total mass ratios rang-

ing from 0.11 to 0.15, an impact occurring very late in

Earth’s accretion with MT ! 0.95M⊕, impact velocities of
1.0" (vimp/vesc) " 1.1, and impact parameters in the range
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Although the mechanism by which the Moon was formed is currently unknown, several lines of evidence point to its
accretion from a circumterrestrial disk of debris generated by a giant impact on the Earth. Theoretical simulations
show that a single large moon can be produced from such a disk in less than a year, and establish a direct relationship
between the size of the accreted moon and the initial configuration of the debris disk.

Many models have been proposed for formation of the Moon1, but
no one has succeeded in showing the formation satisfactorily. The
popular ‘‘giant impact’’2,3 model states that a Mars-sized proto-
planet hit the proto-Earth and generated a circumterrestrial debris
disk from which the Moon accreted. This model has been favoured
as it may well account for the dynamical and geochemical char-
acteristics of the Moon (large angular momentum of Earth–Moon
system, depletion of volatiles and iron). Many hydrodynamic
simulations (a smoothed particle method) have modelled the
impact process4–7. They calculated the impact between two large
protoplanets with iron cores and silicate mantles and followed the
orbital evolution of the debris after the impact for short timescales
(on the order of a few orbital periods). It is found that an impact by a
Mars-sized body usually results in formation of a circumterrestrial
disk rather than direct formation of a clump. (This trend is most
clear in recent simulations5–7.) The disk mass is usually smaller than
2.5ML, where ML is the present lunar mass (0.0123M�; M� is the
Earth mass). Most of the disk material is distributed near or interior
to the radius aR of the Roche limit (�2.9R�, where R� is the radius
of the Earth) if the orbital angular momentum of the impact is 1–2
JEM, where JEM is the angular momentum of the present Earth/Moon
system. Within and near the Roche limit, the tidal force of the Earth
inhibits accretional growth.

In contrast, little has been done to simulate the accretional
process of the Moon. The only published accretion calculation is
that of Canup and Esposito8 with a gas dynamic approach. They
approximated disk particles as particles in a box and tracked the
evolution of the mass distribution function at individual regions of
the disk, modelling velocity evolution, accretion and rebounding of

the disk particles. They showed that, in general, many small moon-
lets are formed initially rather than a single large moon and
concluded that the simplest way to form the present-sized moon
is to begin with at least a lunar mass of material outside the Roche
limit. However, in gas-dynamic calculations it is difficult to
include non-local effects such as radial migration of the disk
material and global interaction between formed moons and the
disk. The importance of the radial diffusion out from the Roche
limit has been pointed out through analytical argument9.

Here we perform directly N-body simulations, which automati-
cally include non-local effects, to investigate global lunar accretion
processes. The sequence of accretion of the moon from an impact-
generated disk might be as follows8,10 (see Fig. 1). Initially, the disk
would probably be a hot, silicate-vapour atmosphere/torus6,7. Solid
particles condense owing to cooling of the disk, possibly after some
radial migration10. Subsequent collisions and fragmentation of the
particles would damp initially large orbital eccentricities and
inclinations of the particles to moderate values in a few orbital
periods. Our simulations start from this stage and follow the
collisional evolution to a moon(s). On a longer timescale, one or
more formed moons gradually migrate outwards by tidal inter-
action with the Earth8,10, sweeping remnants. We do not pursue such
long-term evolution here.

We present the results of 27 simulations with different initial disk
conditions. We found that a single large moon, rather than multiple
moons, is usually formed at similar distance from the proto-Earth in
100–1,000 orbital periods (about a month to a year). We also found
that the final moon mass is mostly determined by a simple function
of initial total mass and angular momentum of the disk. To estimate

Figure 1 Schematic illustrationsof the formation of the Moon by a giant impact: a,

a Mars-sized body’s impact on the proto-Earth; b, a hot, silicate vapour

atmosphere/torus; c, a solid particle disk from which one or more moons

accrete; d, outward migration of the formed moon(s) by tidal interaction with the

Earth. We adopted stage c as the initial conditions for N-body simulations. The

particle disk is modelled as follows. The disk consists of solid particles with a

power-law size distribution as nðmÞdm � m� pdm, where m is mass of the

particles. The surface density of the disk is given by SðaÞ � a� q for

0:35aR � a � amax, where a is the semimajor axis. The orbits of the disk particles

are integrated bya fourth-order hermitian integrator16 with a hierarchical individual

time step17, calculating all gravitational interactions between the particles, in

geocentric cartesian coordinates. We take out particles from the system if they

collide with the Earth or are scattered into hyperbolic orbits. We adopt the

accretion criteria of Canup and Esposito11 (see text).
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Gas!
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Solidification!Solid! Liquid!
Melting ! Evaporation !

Condensation !

Sublimation: atoms or molecules escape 
into the gas phase from a solid.  !

Condensation !
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Water	
  (hydrogen)	
  solubility	
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(silicate	
  melt)	
  
(olivine)	
  

103	
  (H/106	
  Si)	
  =0.006	
  wt%	
  

Water	
  (hydrogen)	
  solubility	
  in	
  melts	
  is	
  much	
  larger	
  than	
  that	
  in	
  minerals.	
  

CPS,	
  須磨	
  



IniOally	
  condensed	
  materials	
  will	
  be	
  liquid	
  phase	
  if	
  P	
  is	
  high	
  
	
  how	
  high	
  is	
  the	
  pressure	
  of	
  the	
  Moon	
  forming	
  disk?	
  

12.7.18 

MYSEN AND KUSHIRO: MgO-SiO,-H, AND THE PRIMITM SOLAR NEBULA

TneLe 6. Chemical compositions, forsteriteI  O -2
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Fig. 10. Pressure-temperature phase relations in the system

MgrSiOo-H, at different oxygen fugacities (as indicated by dif-

ferent symbols in the figure). The pressure axis is total pressure

(silicate vapor pressure f hydrogen pressure). In experiments

along the vaporous, the silicate vapor pressure is approximately

equal to total pressure because P", is one or more orders of

magnitude less than the silicate vapor pressure. Closed symbols,

no liquid present; half-open symbols, liquid and crystals present;

open symbols, liquid and no crystals present. Note that although

there must be an additional phase field between the Fo + L +

V and V fields, this is not indicated because of lack of experi-

mental information.

The vapor pressure above crystalline forsterite was de-

termined as a function of temperature in Mo and C con-

tainers (Fig. 9), but within experimental uncertainty (5-

100/o), no effect of different container material could be

discerned. Linear regression ofall the data points results

in the expression

ln P" :  ( -77955 + 4955/D + 27. '7  !  2 .6,  (16)

with the entropy and enthalpy of evaporation derived

from Equation 16 in Table 5. The absence of discernible

fr-dependence differs from the behavior of pure SiO,
(Fig. 3), where a 190/o increase in the At1" was observed.

This difference in behavior most likely results from the
fact that the mole fraction of SiO, in the MgrSiO4 system

is 0.333. Because only the SiO, component in the gas

phase undergoes reduction with decreasing/o, resulting

in a l9o/o increase in the slope of the SiO, evaporation

curve, only about a 60/o effect would be expected in the

MgrSiOo system. A 60/o change in slope and intercept is
within the uncertainty of the MgrSiO4 vapor-pressure data
in Figure 9.

Small amounts of interstitial melt were detected at
temperatures near 1700 'C (Fig. l0). The liquid does not
quench to glass, but exists as fibrous, quench forsterite

along grain boundaries to temperatures near 1870 'C,

where the experimental charges consist ofall quench ol-
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ivine (Table 2). The temperature of the onset of melting

is 170-190 "C below the suggested liquidus temperature

of forsterite at lbar (1890 + 20 "C; Bowen and Andersen,

l9l3: Bowen and Schairer, 1936) where forsterite melts

congruently. The 1870 oC phase boundary between for-

sterite * liquid + vapor and liquid + vapor (Fig. l0)

accords, within experimental error, with the suggested

l-bar liquidus temperature for forsterite (note, however,

that the l-bar liquidus temperature of forsterite is an ex-

trapolated value from data along the joins MgrSiOo-

Fe,SiOo and MgrSiOo-SiOr).

The phase relations in the system MgrSiOo-H, (Fig. 10)

are topologically similar to those of the system SiO2-H2,

in which case there is a melting interval between 1600

and 1700 oC where cristobalite coexists with liquid and

vapor. As for the silica system there is no evidence of

contamination and thermal gradients within the furnace,

and it is suggested, therefore, that the melting interval is

the result ofpartial dissociation ofsilica in the liquid and

the system is MgO-SiOr-SiO-O, rather than MgrSiOo. It

should also be noted that the topology ofthe diagram in

Figure l0 also requires an additional phase field between

that offorsterite + liquid * vapor and that ofvapor only.

This field has not been detected experimentally, however,

and is not included in the figure.

Two vapor pressure-temperature curves in the tem-

perature range of liquid have been determined (Fig. I l).

There is a steep curve that is defined by the weight-loss

data at an imposed P", of 1.8 x l0-8 bar,

tn P" : K- 185 390 + 14 365)/71 + 82.7 ! 7 .2, (r7)

and there is a curve with a much less steep slope at P"" :

1 .8  x  l 0  aba r ,

ln  P"  :  l ( -66r73 + 13342)/71 + 2t .5 + 6.6.  (18)

The curve defined by Equation 17 corresponds to A,F1":

1540 kJ/mol and AS, : 687 J/(mol'K). This curve is

physically implausible because it implies that the heat of

evaporation of MgrSiOo liquid is 2.4 limes greater-not

less-than that of crystalline forsterite at the same tem-

perature. This behavior may be related to the fact that

the ambient pressure used during acquisition of the data

behind Equation l7 is significantly less than the vapor

pressure itself. Melt near forsterite composition is very
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in a l9o/o increase in the slope of the SiO, evaporation

curve, only about a 60/o effect would be expected in the

MgrSiOo system. A 60/o change in slope and intercept is
within the uncertainty of the MgrSiO4 vapor-pressure data
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and 1700 oC where cristobalite coexists with liquid and

vapor. As for the silica system there is no evidence of

contamination and thermal gradients within the furnace,

and it is suggested, therefore, that the melting interval is

the result ofpartial dissociation ofsilica in the liquid and

the system is MgO-SiOr-SiO-O, rather than MgrSiOo. It

should also be noted that the topology ofthe diagram in

Figure l0 also requires an additional phase field between

that offorsterite + liquid * vapor and that ofvapor only.

This field has not been detected experimentally, however,

and is not included in the figure.

Two vapor pressure-temperature curves in the tem-

perature range of liquid have been determined (Fig. I l).

There is a steep curve that is defined by the weight-loss

data at an imposed P", of 1.8 x l0-8 bar,
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and there is a curve with a much less steep slope at P"" :
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ln  P"  :  l ( -66r73 + 13342)/71 + 2t .5 + 6.6.  (18)

The curve defined by Equation 17 corresponds to A,F1":

1540 kJ/mol and AS, : 687 J/(mol'K). This curve is

physically implausible because it implies that the heat of

evaporation of MgrSiOo liquid is 2.4 limes greater-not

less-than that of crystalline forsterite at the same tem-

perature. This behavior may be related to the fact that

the ambient pressure used during acquisition of the data

behind Equation l7 is significantly less than the vapor
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the final moon mass, we do not need to know the details of initial
mass, size and velocity distributions of the disk particles. The
predicted moon mass from the disks obtained by the previous
impact simulations might be as large as the present lunar mass in
some cases. However, we cannot make a definitive conclusion at
present, as the previous impact simulations did not provide enough
data about the disk angular momenta. Improved simulations are
needed to provide total mass and angular momentum of the disk.
The combination of more refined N-body and impact simulations
would clarify whether a giant impact could indeed have produced
the Moon or not.

Model description
We simulated the formation of a moon from a (three-dimensional)
circumterrestrial debris disk initially consisting of 1,000–2,700
particles with mass m � 10 � 5 to 10!2 ML (see Fig. 1), assuming
that solid particles had condensed and attained such sizes through
accretion. (In the inner part of the disk, the particles might remain
very small, as accretion becomes increasingly inhibited inside the
Roche limit. Furthermore, the disk material might remain liquid
owing to the longer cooling time in the inner part. We will comment
on these effects later.)

We calculated disks with as many different initial conditions as
possible, as we do not have enough knowledge about disk con-
ditions after the vapour/liquid phase and initial collisional
evolution. The parameters we examined are summarized in
Table 1, where we show 19 runs of the 27 simulations for which
we retained detailed output data. As shown below, the final outcome
of accretion has only a weak dependence on the details of conditions
of a starting disk. We scale the orbital radii by the Roche radius
defined by aR ¼ 2:456ðr�=rÞ1=3R� where (r�/r) is the ratio of the
internal density of the Earth to that of the disk particles. For disk

particles with r ¼ 3:34 g cm � 3 (the bulk density of the Moon), aR is
located at about 2.9R�. Using aR, the physical radii of disk particles
with mass m are given by R ¼ ð1=2:456Þðm=M�Þ1=3aR, independent
of (r�/r).

Near the Roche radius, tidal forces of the proto-Earth affect
whether colliding particles rebound or accrete. Within �0.8aR,
tidal forces preclude accretion, whereas in the transitional zone,
0.8–1.35aR, limited accretional growth can occur11. Exterior to
this zone, accretion is largely unaffected by tidal forces. This
transitional zone will be referred to as the Roche zone. We adopt
here the accretional criteria of Canup and Esposito11, which include
this transition in addition to the impact velocity condition that,
for accretion, the calculated rebound velocity must be smaller
than some critical value corresponding to the (mutual) surface
escape velocity11. If the colliding bodies in our simulation satisfy
the criteria, we produce a merged body, conserving momentum.
If not, the bodies rebound with given restitution coefficients
(Table 1).

Characteristics of moon accretion
Below we present the results from several of the 27 disk simulations
that were calculated. In most of the simulations, a single large body
is formed near the Roche radius. In Figs 2 and 3, we show snapshots
of the results for the disks with initial mass Mdisk ¼ 0:03M�

(¼ 2:44ML). The unit of time is the kerplerian rotation time at
aR, which is �7 h; t ¼ 100 realistically corresponds to 1 month.
Figure 2 shows a centrally confined disk case (run 4 in Table 1) in
which the semimajor axes of all the particles are initially within the
Roche radius, whereas Fig. 3 is a rather extended disk case (run 9).
The extension of a disk is indicated by Jdisk/Mdisk, where Jdisk is the
total angular momentum of the starting disk. For the disks in Figs 2
and 3, Jdisk/Mdisk are 0:692 GM�aR and 0:813 GM�aR, respectively.

articles
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Figure 2 Snapshots of disk particles plotted in geocentric cylindrical coordinates

(r; z). (Particles at negative z are plotted at z jj .) The units of length and time are

the Roche limit radius, aR, and Kepler time, TKep at aR (�7h). The solid and dotted

circles are disk particles and the Earth, respectively. The sizes of the circles

indicate physical sizes. The snapshots here are the result of run 4 in Table 1. The

mean specific angular momentum, Jdisk/Mdisk, is initially 0:692 GM�aR. At

t ¼ 1,500 the moon has mass 0.40ML, semimajor axis 1.20aR, eccentricity 0.09

and inclination (radian) 0.02. The second body’s mass is only 0.025ML. The

masses ejected from the system (M�) and that hit the Earth are 0.026ML and

1.95ML, respectively.

Figure 3 The same snapshots as in Fig. 2 but for run 9 of a more extended disk

(Jdisk=Mdisk ¼ 0:813 GM�aR). At t ¼ 1,000 the largest moon mass is 0.71ML.
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bulk magma ocean with 100 ppm water results in KREEP with
~0.5 wt.% water.

4. Discussion

4.1. KREEP constraints on the water contents of magmatic source regions

To recreate the inferredmelting source regionwater contents from
Boyce et al. (2010) and Saal et al. (2008) (up to several hundred ppm)
through a fractionally solidifying magma ocean, the bulk magma
ocean must have contained at least 100 ppm with a high fraction of
retained interstitial melt in the cumulates, or, more likely, more than
1000 ppm water with a smaller fraction of retained melt. The smaller
hypothesized melting source region water contents of Greenwood et
al. (2011), McCubbin et al. (2010a), and Sharp et al. (2010) (10 ppb to
10 ppm) can be created with a bulk magma ocean with 100 ppm
water and 1% retained interstitial liquids, or less.

We cannot directly sample the magmatic source regions of the
basalts and picritic glasses, but the models make predictions for the

water content of the KREEP that would result from such magma
oceans. Of all source regions resulting from a lunar magma ocean, the
KREEP component should be the most highly enriched in water.
Magma oceans that began with 100 ppm or more of water would
likely produce KREEPwithwater concentrations in theweight percent
abundance range.

One of McCubbin et al.'s (2010a) measured samples, 15404,51, is a
KREEP-rich rock. Its inferred magmatic water content is only 2 to
170 ppm, lower than the inferrednumbers for non-KREEPmagmas such
as NWA 2977 (with inferred magmatic water content ~700 to
1700 ppm). KREEP, however, should be the wettest material on the
Moon, if water existed in thebulkMoon from the time of lunar accretion
and participated in the lunar magma ocean. Boyce et al. (2010) also
measured a KREEP-rich sample, and found low to moderate water
contents in apatites, compared to other researchers' results.

Though scanty, observations to date also imply that incompatible
trace element concentrations are decoupled from water concentra-
tions in lunar compositions (G. Jeffrey Taylor, J. Boyce, pers. comm.). In
support of this hypothesis, Sharp et al. (2010) found the most highly
fractionated chlorine isotopes in their most KREEP-rich sample, basalt
72275,491, possibly indicating that it had the lowest hydrogen
content which led to the strong affinity between chlorine and a
metallic component in the melt.

Further, if KREEP originally resided at the base of the anorthosite
flotation crust, it would have formed at a pressure around 0.2 GPa or
200 MPa, sufficient for water saturation near 5 wt.% (Médard and
Grove, 2008). Thus degassing is not a sufficient explanation for drying
KREEP and decoupling trace elements from water in KREEP.

Together, the lack of petrologic evidence for wet KREEP but the
necessity that KREEP be wet through magma ocean fractional
crystallization implies that the bulk lunar magma ocean cannot have
begun with significant water. Here, we suggest that the bulk lunar
magma ocean contained less than 100 ppmwater, possibly far less, to
prevent KREEP with water contents above the thousands of ppm. A
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Table 3
KREEP water contents resulting from magma ocean fractional solidification with 1%
retained interstitial melt throughout.

Initial bulk water content
of magma ocean
(ppm)

Water content in final 2 vol.% of magma
ocean (possible KREEP material)
(wt.%)

1000 ~4.7
500 ~2.3
100 ~0.5
10 ~0.05
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bulk magma ocean with 100 ppm water results in KREEP with
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To recreate the inferredmelting source regionwater contents from
Boyce et al. (2010) and Saal et al. (2008) (up to several hundred ppm)
through a fractionally solidifying magma ocean, the bulk magma
ocean must have contained at least 100 ppm with a high fraction of
retained interstitial melt in the cumulates, or, more likely, more than
1000 ppm water with a smaller fraction of retained melt. The smaller
hypothesized melting source region water contents of Greenwood et
al. (2011), McCubbin et al. (2010a), and Sharp et al. (2010) (10 ppb to
10 ppm) can be created with a bulk magma ocean with 100 ppm
water and 1% retained interstitial liquids, or less.

We cannot directly sample the magmatic source regions of the
basalts and picritic glasses, but the models make predictions for the

water content of the KREEP that would result from such magma
oceans. Of all source regions resulting from a lunar magma ocean, the
KREEP component should be the most highly enriched in water.
Magma oceans that began with 100 ppm or more of water would
likely produce KREEPwithwater concentrations in theweight percent
abundance range.

One of McCubbin et al.'s (2010a) measured samples, 15404,51, is a
KREEP-rich rock. Its inferred magmatic water content is only 2 to
170 ppm, lower than the inferrednumbers for non-KREEPmagmas such
as NWA 2977 (with inferred magmatic water content ~700 to
1700 ppm). KREEP, however, should be the wettest material on the
Moon, if water existed in thebulkMoon from the time of lunar accretion
and participated in the lunar magma ocean. Boyce et al. (2010) also
measured a KREEP-rich sample, and found low to moderate water
contents in apatites, compared to other researchers' results.

Though scanty, observations to date also imply that incompatible
trace element concentrations are decoupled from water concentra-
tions in lunar compositions (G. Jeffrey Taylor, J. Boyce, pers. comm.). In
support of this hypothesis, Sharp et al. (2010) found the most highly
fractionated chlorine isotopes in their most KREEP-rich sample, basalt
72275,491, possibly indicating that it had the lowest hydrogen
content which led to the strong affinity between chlorine and a
metallic component in the melt.

Further, if KREEP originally resided at the base of the anorthosite
flotation crust, it would have formed at a pressure around 0.2 GPa or
200 MPa, sufficient for water saturation near 5 wt.% (Médard and
Grove, 2008). Thus degassing is not a sufficient explanation for drying
KREEP and decoupling trace elements from water in KREEP.

Together, the lack of petrologic evidence for wet KREEP but the
necessity that KREEP be wet through magma ocean fractional
crystallization implies that the bulk lunar magma ocean cannot have
begun with significant water. Here, we suggest that the bulk lunar
magma ocean contained less than 100 ppmwater, possibly far less, to
prevent KREEP with water contents above the thousands of ppm. A
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Table 3
KREEP water contents resulting from magma ocean fractional solidification with 1%
retained interstitial melt throughout.

Initial bulk water content
of magma ocean
(ppm)

Water content in final 2 vol.% of magma
ocean (possible KREEP material)
(wt.%)

1000 ~4.7
500 ~2.3
100 ~0.5
10 ~0.05
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conclusions	
  

•  The	
  Moon’s	
  interior	
  is	
  not	
  bone	
  dry.	
  	
  electrical	
  
conducOvity,	
  Odal	
  Q	
  (~0.01	
  wt%	
  water	
  in	
  the	
  deep	
  mantle	
  
(similar	
  to	
  the	
  upper	
  mantle	
  of	
  Earth))	
  

•  CondensaOon	
  aher	
  a	
  giant	
  impact	
  likely	
  involves	
  liquid	
  
phases.	
  	
  if	
  cooling	
  ?me	
  scale	
  >	
  accre?on	
  ?me	
  scale,	
  
then	
  a	
  substanOal	
  amount	
  of	
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  can	
  be	
  acquired.	
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Earth’s	
  ocean	
  is	
  formed	
  mostly	
  from	
  water	
  inside	
  of	
  Earth.	
  
Has	
  ocean	
  been	
  there	
  for	
  billions	
  of	
  years?	
  If	
  so	
  how	
  is	
  the	
  ocean	
  
mass	
  stabilized?	
  
 	
  How	
  is	
  water	
  distributed	
  in	
  the	
  current	
  Earth’s	
  interior?	
  
 	
  What	
  control	
  the	
  ocean	
  mass	
  evoluOon?	
  

CPS,	
  須磨	
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(+	
  water	
  in	
  the	
  core)	
  

near	
  surface	
  

Earth’s	
  interior	
  is	
  poten?ally	
  a	
  big	
  water	
  reservoir.	
  
But	
  how	
  much	
  is	
  there	
  really?	
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  

Ocean	
  has	
  been	
  formed	
  by	
  global	
  water	
  circulaOon.	
  

	
   	
  ocean	
  mass	
  is	
  controlled	
  by	
  deep	
  mantle	
  processes	
  

(if	
  mantle	
  is	
  homogeneous,	
  then	
  ocean	
  mass	
  is	
  sensiOve	
  to	
  regassing	
  rate)	
  

McGovern-­‐Schubert	
  (1989)	
  
Franck-­‐Bounama	
  (2001)	
  
Rüpke	
  et	
  al.	
  (2006)	
  
Korenaga	
  (2008)	
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Water	
  distribu?on	
  in	
  the	
  mantle	
  from	
  
geological	
  observa?ons	
  

•  From	
  basalts	
  (Ito	
  et	
  al.,	
  1983;	
  Dixon	
  et	
  al.,	
  2002)	
  
–  Indirect	
  (needs	
  a	
  model	
  of	
  melOng)	
  
–  “global”	
  (MORB,	
  OIB)	
  	
  

•  From	
  mantle	
  rocks	
  (Bell	
  and	
  Rossman,	
  1992)	
  
–  direct	
  
–  limited	
  to	
  shallow	
  upper	
  mantle	
  
–  influence	
  of	
  loss/gain	
  needs	
  to	
  be	
  evaluated	
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Ito	
  et	
  al.	
  (1983)	
   Dixon	
  et	
  al.	
  (2002)	
  

MORB	
  source	
  region	
  (asthenosphere):	
  well	
  constrained	
  (~0.01	
  wt%)	
  	
  
OIB	
  source	
  regions:	
  water-­‐rich	
  (FOZO)	
  (~0.1	
  wt%)	
  

	
  How	
  are	
  they	
  distributed?	
  
	
   	
  localized?	
  	
  
	
   	
  global	
  (layered)?	
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∂H2Omantle
∂t = −ξH 2O ⋅ R t( ) ⋅H2Omantle t( ) + S t( )

∂H2Oocean
∂t = ξH 2O ⋅ R t( ) ⋅H2Omantle t( ) − S t( )

 

 
R t( ) : mantle processing (degassing) rate 
S t( ) : water recycling (regassing) rate 

Geochemical	
  approach	
  (MORB,	
  OIB)	
  +	
  simple	
  geodynamic	
  modeling	
  	
  
	
  “plum	
  pudding”	
  model	
  

Franck-­‐Bounama	
  (2001)	
  
Dixon	
  et	
  al.	
  (2002)	
  
Rüpke	
  et	
  al.	
  (2006)	
  

A	
  conven?onal	
  model	
  of	
  water	
  distribu?on	
  in	
  the	
  mantle	
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The	
  ocean	
  mass	
  changes	
  sensiOvely	
  to	
  the	
  regassing	
  rate	
  in	
  a	
  single	
  
component	
  mantle	
  model.	
  

Franck-­‐Bounama	
  (2001)	
  

Regassing	
  rate	
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Geochemical	
  approach	
  +	
  simple	
  model	
  	
  “plum	
  pudding”	
  model	
  
	
  	
  	
  inconsistent	
  with	
  the	
  definiOon	
  of	
  FOZO	
  	
  

	
  (a	
  common	
  component	
  of	
  all	
  OIB)	
  

	
  	
  ocean	
  mass	
  is	
  sensiOve	
  to	
  mantle	
  water	
  (unstable)	
  

What	
  is	
  wrong??	
  

1.	
  Spa?al	
  distribu?on	
  of	
  water	
  is	
  poorly	
  constrained	
  by	
  the	
  geochemical	
  
approach.	
  
	
  “plum-­‐pudding”	
  model	
  may	
  be	
  wrong.	
  

2.	
  Whole	
  mantle	
  is	
  treated	
  as	
  a	
  single	
  unit.	
  
	
  there	
  may	
  be	
  some	
  buffering	
  processes	
  that	
  requires	
  addiOonal	
  parameter	
  in	
  
the	
  modeling.	
  	
  

Any	
  observa?ons	
  to	
  suggest	
  internal	
  processes	
  
controlling	
  water	
  circula?on?	
  	
  	
  geophysical	
  approach	
  

CPS,	
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Water	
  distribu?on	
  in	
  the	
  mantle	
  from	
  
geophysical	
  observa?ons	
  

•  From	
  electrical	
  conduc?vity	
  
–  direct	
  (sensiOve	
  to	
  water	
  content	
  but	
  insensiOve	
  to	
  major	
  
element	
  chemistry)	
  

–  lab	
  study	
  is	
  a	
  li^le	
  complicated,	
  but	
  a	
  good	
  data	
  set	
  is	
  now	
  
available.	
  

–  large	
  uncertainOes	
  in	
  geophysical	
  observaOons	
  
•  From	
  seismological	
  observa?ons	
  

–  Indirect	
  (modestly	
  sensiOve	
  to	
  water	
  content	
  but	
  sensiOve	
  
to	
  major	
  element	
  chemistry)	
  

–  lab	
  study	
  is	
  incomplete	
  (Q-­‐effect).	
  
–  high-­‐resoluOon	
  observaOons	
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Water	
  may	
  affect	
  seismological	
  observa?ons	
  

•  T-­‐effect	
  and	
  water-­‐effect	
  on	
  seismic	
  wave	
  velociOes	
  	
  

•  T-­‐effect	
  and	
  water-­‐effect	
  on	
  the	
  phase	
  boundary	
  

δ logV
δh

⎛

⎝⎜
⎞

⎠⎟
=

∂ logV
∂T

∂ logV
∂CW

∂h
∂T

∂h
∂CW

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

δT
δCW

⎛

⎝⎜
⎞

⎠⎟
 

 

 
δT
δCW
⎛

⎝⎜
⎞

⎠⎟
=

∂ logV
∂T

∂ logV
∂CW

∂h
∂T

∂h
∂CW

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

−1
δ logV
δh

⎛

⎝⎜
⎞

⎠⎟
 

h	
  

V	
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Meier	
  et	
  al.	
  (2009)	
  
puzzling	
  results	
  	
  due	
  to	
  the	
  insensiOvity	
  of	
  seismological	
  
properOes	
  to	
  water	
  content?	
  

	
   	
  	
  

Water-­‐temperature	
  distribuOon	
  from	
  VP,S	
  and	
  MTZ	
  thickness	
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seismic	
  wave	
  velocity	
  depends	
  weakly	
  on	
  water	
  content	
  
but	
  strongly	
  on	
  the	
  major	
  element	
  chemistry	
  and	
  T	
  

CPS,	
  須磨	
  

Karato	
  (2011)	
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Influence	
  of	
  water	
  on	
  seismic	
  disconOnuiOes	
  

oli	
  

oli	
  

wad	
  

wad	
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Karato	
  (2011)	
  



12.7.18	
   62	
  

Electrical	
  conducOvity	
  depends	
  strongly	
  on	
  water	
  content	
  
(relaOvely	
  weakly	
  depends	
  on	
  T	
  and	
  other	
  factors)	
  

CPS,	
  須磨	
  

Karato	
  (2011)	
  



Sensitivity of some geophysical 
observables to water content 

63 

 sensitivity to: 

T     C (major)   C (water)    d 

resolution of geophysical 
observations 

Seismic velocity 

Seismic discontinuity 

Seismic Q 

Seismic anisotropy 

  

Electrical conductivity   

 

X

X

X

X

X

? 
* * 

*: mostly for the upper mantle 

Properties involving thermally activated processes are sensitive to water content. 
Lab studies are more complete for electrical conductivity than for Q and LPO. 
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Tes?ng	
  the	
  model	
  for	
  the	
  upper	
  mantle	
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pyrolite	
  (olivine+opx+pyrope),	
  SIMS	
  water	
  calibraOon	
  

[Dai	
  and	
  Karato	
  (2009)]	
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α = 0.65 
 
σwad = A ⋅CW

r ⋅ exp −
HCW
*

RT( ) + B ⋅ exp −
HCD
*

RT( )  

 

σ = σwad 1+ 1−φ
1

σgar /σwad −1
+
φ
3

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
= α ⋅σwad
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Electrical	
  conducOvity	
  and	
  water	
  in	
  the	
  mantle	
  

12.7.18 66 

Mineral	
  physics	
  model 	
  
	
   	
  	
  

Geophysical	
  model	
  

CPS,	
  須磨	
  

Karato	
  (2011)	
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“Plum	
  pudding”	
  model	
  is	
  not	
  consistent	
  with	
  observed	
  electrical	
  conducOvity.	
  
Inferred	
  layered	
  water	
  distribuOon	
  suggests	
  mid-­‐mantle	
  mel?ng.	
  

Karato	
  (2011)	
  



•  Evidence	
  for	
  410-­‐km	
  melOng	
  
–  Low	
  velocity	
  layer	
  
– Water	
  content	
  layering	
  

12.7.18 

Karato	
  (2011)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  Tauzin	
  et	
  al.	
  (2010) 	
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What	
  happens	
  afer	
  410-­‐km	
  par?al	
  mel?ng?	
  

12.7.18 

• 	
  ParOal	
  melOng	
  (at	
  410km)	
  
homogenizes	
  the	
  composiOon	
  
of	
  residual	
  solids	
  	
  water	
  
content	
  in	
  the	
  upper	
  mantle	
  is	
  
constant	
  	
  stabilizes	
  the	
  
degassing	
  rate	
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dXocean

dt = 1
τ1
Xmantle − R = 1

τ1
Xtotal − Xocean( ) − R  

dXmantle

dt = − 1
τ1
Xmantle + R  

 Xocean = Xtotal − τ1R  : ocean mass is sensitive to regassing rate 
 
 
dXocean

dt = XUM
τ1

+ XMTZ

τ2
− R       

dXUM
dt = − XUM

τ1
+ βR +Y       

dXMTZ
dt = − XMTZ

τ2
+ 1− β( )R − Y  

  Xocean = Xtotal − ξτ1R −ζX
l  

with ξ = 1− τ 3
τ1

τ2 −τ1
τ2 −τ 3

1− β( )  and ζ = τ 2 −τ1
τ2 −τ 3

 

if ζ = τ 2 −τ1
τ2 −τ 3

>0, then ξ < 1  

 ocean mass is less sensitive to regassing rate 

CPS,	
  須磨	
  

Deep	
  mantle	
  mel?ng	
  buffers	
  (stabilizes)	
  the	
  ocean	
  mass.	
  

Karato	
  (2011)	
  



Water	
  has	
  strong	
  effects	
  on	
  the	
  mel?ng	
  
under	
  the	
  deep	
  mantle	
  condi?ons	
  

•  AddiOon	
  of	
  water	
  reduces	
  the	
  solidus	
  of	
  the	
  
lower	
  mantle	
  assembly	
  by	
  more	
  than	
  ~1500	
  K	
  

•  AddiOon	
  of	
  water	
  changes	
  the	
  composiOon	
  of	
  
melts	
  and	
  the	
  residual:	
  highly	
  ultramafic	
  
melts	
  +	
  	
  silica-­‐rich	
  residual	
  

	
  Geochemical	
  evoluOon	
  of	
  Earth	
  

12.7.18	
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Inoue	
  et	
  al.	
  (1994)	
  



Pv

Pv

Melt

Pv

St

Melt
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MelOng	
  occurs	
  in	
  the	
  perovskite-­‐rich	
  system	
  (+	
  water)	
  at	
  25	
  GPa	
  	
  
and	
  1500	
  C	
  (without	
  water,	
  one	
  would	
  need	
  ~3000	
  C	
  for	
  melOng).	
  
Melt	
  is	
  (Mg,Fe)O	
  rich	
  	
  heavy	
  melt.	
  Residual	
  solid	
  is	
  SiO2	
  rich.	
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conclusions	
  

•  Water	
  distribuOon	
  in	
  the	
  planetary	
  interior	
  can	
  be	
  mapped	
  from	
  
geophysical	
  observaOons.	
  

•  Electrical	
  conduc?vity	
  	
  
	
  highly	
  sensiOve	
  to	
  water	
  content,	
  insensiOve	
  to	
  other	
  variables	
  

	
  (seismological	
  observa?ons	
  -­‐	
  insensiOve	
  to	
  water,	
  non-­‐sensible	
  
results)	
  

•  Mantle	
  water	
  content	
  in	
  Earth’s	
  mantle	
  is	
  layered.	
  
–  ~0.01	
  wt%	
  for	
  the	
  upper	
  mantle,	
  ~0.1	
  wt%	
  for	
  the	
  transiOon	
  zone	
  

	
  par?al	
  mel?ng	
  at	
  410-­‐km?	
  

•  Ocean	
  mass	
  may	
  be	
  buffered	
  by	
  the	
  par?al	
  mel?ng	
  at	
  410-­‐km	
  

•  Mel?ng	
  could	
  also	
  occur	
  below	
  660	
  km	
  	
  (Mg,Fe)O-­‐rich	
  (dense)	
  
melt.	
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Plate	
  tectonics	
  (mode	
  of	
  mantle	
  convec?on)	
  

•  Plate	
  tectonics	
  provides	
  an	
  efficient	
  way	
  to	
  
circulate	
  volaOles	
  (	
  stabilizes	
  the	
  surface	
  
ocean?).	
  

•  Plate	
  tectonics	
  is	
  not	
  an	
  obvious	
  mode	
  of	
  
mantle	
  convecOon:	
  Plates	
  may	
  be	
  too	
  strong	
  
to	
  be	
  involved	
  in	
  convecOon	
  (“stagnant	
  lid”).	
  

•  Does	
  plate	
  tectonics	
  occur	
  in	
  other	
  terrestrial	
  
planets	
  (e.g.,	
  super-­‐Earths)?	
  

12.7.18	
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Modes	
  of	
  convec?on	
  
(Influence	
  of	
  near-­‐surface	
  layer:	
  T-­‐effect,	
  water	
  effect)	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
  Solomatov	
  and	
  Moresi	
  (1997) 	
  

ClassificaOon	
  using	
  a	
  two-­‐parameter	
  model	
  
Plate	
  tectonics	
  occurs	
  when	
  the	
  near	
  surface	
  layer	
  is	
  modestly	
  strong	
  (<200	
  MPa	
  (for	
  
Earth))	
  
If	
  the	
  plate	
  is	
  too	
  strong	
  	
  “stagnant	
  lid”	
  convecOon	
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Plate	
  tectonics	
  versus	
  stagnant-­‐lid	
  
convec?on	
  

•  [driving	
  force	
  (gravitaOonal	
  energy	
  release)]	
  	
  
[resistance	
  for	
  convecOon	
  (energy	
  dissipaOon	
  due	
  to	
  
deformaOon)]	
  =	
  [plate	
  deformaOon]	
  or	
  [stagnant	
  
lid	
  (convecOon	
  below	
  the	
  lid))]	
  

strong	
  plate	
  	
  stagnant-­‐lid	
  convecOon	
  

weak	
  plate	
  	
  plate	
  tectonics	
  

[criOcal	
  strength	
  ~100-­‐200	
  MPa	
  (for	
  Earth)]	
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Is	
  the	
  lithosphere	
  of	
  Earth	
  weak	
  enough	
  for	
  
plate	
  tectonics?	
  

•  For	
  Earth,	
  the	
  simplest	
  model	
  
predicts	
  too	
  high	
  strength	
  for	
  plate	
  
tectonics	
  
–  “water”	
  effects?	
  
–  shear	
  localizaOon	
  (grain-­‐size)?	
  

•  How	
  about	
  on	
  other	
  planets?	
  

12.7.18	
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Kohlstedt	
  et	
  al.	
  (1995)	
  



How	
  to	
  weaken	
  the	
  lithosphere?	
  
Bri^le	
  	
  DucOle	
  

Weakening	
  in	
  the	
  bri^le	
  regime	
  is	
  limited,	
  but	
  weakening	
  in	
  the	
  duc?le	
  regime	
  can	
  be	
  large.	
  

12.7.18	
  

fricOon:	
  Chernak-­‐Hirth	
  (2010)	
  

flow:	
  Farla	
  et	
  al.	
  (2012,	
  submi^ed)	
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How	
  about	
  other	
  planets?	
  

•  Size	
  (mass)	
  
•  Water	
  

•  Surface	
  temperature	
  

How	
  do	
  these	
  factors	
  affect	
  [driving	
  force]	
  and	
  
[resistance	
  for	
  plate	
  subducOon]	
  in	
  other	
  planets?	
  

 	
  Basics	
  of	
  convecOon	
  (boundary	
  layer	
  theory)	
  
 	
  Strength	
  of	
  plates	
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  A	
  boundary	
  layer	
  model	
  of	
  convecOon	
  
When	
  the	
  fluid	
  layer	
  is	
  highly	
  unstable,	
  the	
  temperature-­‐gradient	
  and	
  

deformaOon	
  are	
  localized	
  in	
  thin	
  “boundary	
  layers”.	
  	
  

Ra / (Ra)c

Ra = αρgL3ΔT
ηκ
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Turco^e	
  and	
  Oxburgh	
  (1967)	
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Ra = αρgL3ΔT
ηκ



•  If	
  viscosity	
  is	
  not	
  strongly	
  dependent	
  on	
  
planetary	
  mass,	
  Ra	
  increases	
  with	
  planetary	
  
mass.	
  

 	
  large	
  planet	
  	
  large	
  driving	
  force	
  +	
  thin	
  plate	
  	
  

	
  easy	
  for	
  plate	
  tectonics	
  to	
  operate	
  
•  But	
  viscosity	
  (average	
  viscosity)	
  may	
  strongly	
  depend	
  on	
  
planetary	
  size-­‐-­‐-­‐-­‐	
  .	
  

•  Also	
  plate	
  strength	
  may	
  depend	
  on	
  “other	
  parameters”.	
  

12.7.18	
   CPS,	
  須磨	
   85	
  

Ra = αρgL3ΔT
ηκ



•  Both	
  the	
  driving	
  force	
  and	
  the	
  resistant	
  to	
  
plate	
  deformaOon	
  depends	
  on	
  Rayleigh	
  
number	
  +	
  strength	
  (plate	
  strength,	
  mantle	
  
viscosity)	
  

•  Both	
  Rayleigh	
  number	
  and	
  strength	
  depend	
  
on	
  planetary	
  size	
  +	
  something	
  else.	
  

•  Something	
  else	
  
– water	
  (e.g.,	
  Regenauer-­‐Lieb	
  (2006),	
  Korenaga	
  
(2010))	
  

– grain-­‐size	
  [surface	
  temperature]	
  (e.g.,	
  Landuyt-­‐
Bercovici	
  (2009),	
  Foley-­‐Bercovici	
  (2012))	
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Valencia-­‐O’Connell	
  (2007):	
  
Planetary	
  mass	
  is	
  most	
  important	
  
 	
  large	
  mass	
  	
  high	
  Rayleigh	
  number	
  	
  
	
  	
  large	
  driving	
  force	
  +	
  thin	
  plate	
  

CPS,	
  須磨	
  

Korenaga	
  (2010)	
  :	
  fric?on	
  coefficient	
  	
  
(strength	
  of	
  lithosphere)	
  is	
  most	
  important,	
  
the	
  planetary	
  mass	
  is	
  NOT	
  important	
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  Foley-­‐Bercovici	
  (2012):	
  
Plate	
  strength	
  is	
  controlled	
  by	
  grain-­‐size	
  reduc?on.	
  Driving	
  force	
  increases	
  with	
  planet	
  size.	
  
Grain-­‐size	
  reducOon	
  depends	
  on	
  (near	
  surface)	
  temperature	
  through	
  grain-­‐growth.	
  
Both	
  planet	
  size	
  and	
  surface	
  temperature	
  are	
  important.	
  



Limita?ons	
  of	
  the	
  previous	
  studies	
  

•  For	
  the	
  driving	
  force,	
  pressure	
  dependence	
  of	
  
viscosity	
  has	
  been	
  ignored	
  in	
  all	
  previous	
  studies	
  
(mass	
  	
  P,	
  large	
  effects).	
  

•  For	
  the	
  resistance	
  force,	
  condiOons	
  for	
  plate	
  
failure	
  (deformaOon)	
  are	
  not	
  well	
  understood	
  
(essence	
  of	
  mineral	
  physics	
  of	
  strength	
  reduc?on	
  has	
  
not	
  been	
  incorporated	
  in	
  the	
  previous	
  large-­‐scale	
  
models).	
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Doesn’t	
  planetary	
  size	
  maKer?	
  (1)	
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Lithosphere	
  thickness	
  determined	
  by	
  dehydraOon-­‐hardening	
  (Karato	
  (1986),	
  Hirth-­‐Kohlstedt	
  (1996))	
  
depends	
  on	
  planetary	
  size	
  (due	
  to	
  gravity):	
  lithosphere	
  will	
  be	
  thicker	
  for	
  a	
  smaller	
  planet	
  

Planetary	
  size	
  (mass)	
  changes	
  plate	
  thickness	
  (small	
  planet	
  	
  thick	
  plate).	
  



Planetary	
  size	
  could	
  change	
  the	
  driving	
  force	
  
through	
  the	
  P-­‐dependence	
  of	
  viscosity	
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•  Rayleigh	
  number	
  (partly)	
  controls	
  the	
  plate	
  thickness	
  and	
  
vigor	
  of	
  convecOon	
  

•  Rayleigh	
  number	
  depends	
  on	
  viscosity	
  
•  Viscosity	
  changes	
  with	
  T	
  and	
  P	
  (and	
  water	
  content	
  -­‐-­‐-­‐)	
  

–  But	
  P-­‐effect	
  was	
  ignored-­‐-­‐-­‐.	
  

Ra = ραgΔTL3

η T , P( )⋅κ

Doesn’t	
  planetary	
  size	
  maKer?	
  (2)	
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Internal structure of a super-Earth 

P to ~ 1 TPa (1000 GPa) 
T to ~5000 K 
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Fig. 1 (Karato)
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At high P (~1 TPa) 
(1) B1 B2 transition 
(2) Mechanism change of diffusion 
(3)   dissociation of post-perovskite 
(4)   metallization? 
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Viscosity of solids increases with P at low P.  
Is this valid at higher P in super-Earths? 
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Viscosity-mass relationship 
(T-viscosity interaction (self-regulation): Tozer effect) 

M !Heat = A !Nu !
k T "Ts( )

d
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Karato	
  (2011)	
  



How	
  to	
  weaken	
  the	
  lithosphere?	
  
Bri^le	
  	
  DucOle	
  

Weakening	
  in	
  the	
  bri^le	
  regime	
  is	
  limited,	
  but	
  weakening	
  in	
  the	
  ducOle	
  regime	
  can	
  be	
  large.	
  
Weakening	
  in	
  the	
  ducOle	
  regime	
  depends	
  on	
  T	
  and	
  water	
  content.	
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Farla	
  et	
  al.	
  (2012,	
  submi^ed)	
  



Conclusions 

•  In order to assess if Plate Tectonics occurs on other planets 
(e.g., super-Earths), we need to know what controls the 
magnitude of driving force and the resistance for plate 
deformation. 

•  Major remaining issues: 
Physical mechanisms of localized deformation 
Dependence of viscosity on pressure (phase transformations) 
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Summary	
  

• 	
  Vola?le	
  acquisi?on	
  during	
  planetary	
  forma?on	
  
• 	
  early	
  or	
  late	
  acquisiOon?	
  (	
  H	
  in	
  the	
  core?)	
  

• 	
  geochemical	
  observaOons	
  
• 	
  liquid	
  phases	
  control	
  volaOle	
  acquisiOon	
  

• 	
  volaOlity	
  	
  affinity	
  to	
  liquids	
  (to	
  Fe	
  etc.)	
  
• 	
  Vola?le	
  circula?on	
  in	
  a	
  planet	
  
	
   	
   	
  (longevity	
  of	
  the	
  surface	
  ocean)	
  
• 	
  The	
  role	
  of	
  deep	
  (mid-­‐)	
  mantle	
  melOng	
  
• 	
  Plate	
  tectonics	
  on	
  other	
  planets?	
  

• 	
  “rheological	
  properOes”	
  
• 	
  shear	
  localizaOon,	
  deep	
  mantle	
  viscosity	
  	
  



100	
  

Viscosity	
  changes	
  also	
  with	
  crystal	
  structure/	
  
chemical	
  bonding.	
  

no
rm

al
iz
e	
  
vi
sc
os
ity

	
  
normalized	
  temperature	
  

B1	
  	
  

In	
  most	
  of	
  super-­‐Earth’s	
  mantle,	
  MgO	
  	
  
is	
  the	
  sohest	
  phase.	
  
MgO	
  changes	
  its	
  structure	
  from	
  B1	
  to	
  	
  
B2	
  at	
  ~0.5	
  TPa.	
  B2	
  structure	
  is	
  soher	
  than	
  	
  
B1	
  structure.	
  

(modified	
  from	
  Karato	
  (1989))	
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